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Abstract
Dichrocephala benthamii C. B. Clarke has long been used as traditional Chinese medicine. However, the chloroplast (cp)
genome of D. benthamii is poorly understood so far. In this study, we have sequenced and analyzed the cp genome of D.
benthamii. The results show that the cp genome is 152,350 bp in length, with a pair of inverted repeat regions (IRa and IRb, each
24,982 bp), a large single-copy (LSC) region comprising 84,136 bp, and a small single-copy (SSC) region comprising 18,250 bp.
The GC content of the cp genome was 37.3%. A total of 134 genes were identi�ed, including 87 protein-coding genes (CDS), 38
tRNA genes, 8 rRNA genes, and 1 pseudogene (ycf1). The plastome includes 87 simple repeats and 48 long repeats. The
phylogenetic analysis reveals D. benthamii is the basal group of Astereae. Therefore, we con�rm that the taxa of Astereae
emerges from southern Africa and dispersed to other big continents.

The results of this study are a signi�cant contribution to the �eld of genetics and species identi�cation related to D. benthamii.

1. INTRODUCTION
The tribe Astereae is the second largest tribe of the Asteraceae family, consisting of approximately 225 genera and 3,100
species. Within China, there are a total of 29 genera and 237 species of the tribe, including 112 endemic species (112 species
are endemic) (Brouillet et al. 2004; Funk et al. 2009; Panero et al. 2008; Fu et al. 2016; Noyes and Rieseberg, 1999; Brouillt et al.
2009). It inhabits worldwide except for Antarctica, with the highest diversity in temperate region. The genus of Dichrocephala is
a small genus belonging to the tribe Astereae with 6 species, distributed across tropical Oceania, Africa, and Asia (Chen et al.
2011). D. benthamii is distributed across Gansu, Guangxi, Guizhou, Hubei, Sichuan, Xizang, Yunnan provinces, China (Bhutan,
Cambodia, India, Laos, Nepal, Vietnam). The genus of Dichrocephala is mostly used as traditional Chinese medicine (Ai et al.
2013). Among them, D. benthamii is a common herb among the Dai nationality of China for the treatment of indigestion,
common cold, fever in children, pneumonia and hepatitis (Song et al. 2017). Previous research on D. benthamii has focused on
medicinal and pharmacological studies (Song et al. 2017; Tian et al. 2013a; Tian et al. 2013b).

Chloroplast is the essential organelle that plays a critical role in providing energy for plant metabolism through photosynthesis.
The plastome has traditionally been regarded as a single evolutionary unit, genes can be concatenated, which is useful in
analyzing phylogenetic signals (Shaw et al. 2007). The chloroplast genome has been proven a valuable tool for gene discovery
and genetic engineering of plants due to its unique features (Wang et al. 2023). The quadripartite structure, with a large single-
copy region (LSC), a small single-copy region (SSC) and a pair of inverted repeats regions (IRa and IRb), is a de�ning
characteristic of chloroplast genomes. The chloroplast genome typically ranges in size from 115–165 kb (Leseberg et al. 2009).
The plastome genome is generally more conserved in size and structure than the nuclear genome, which undergoes frequent
rearrangements during evolution (Smith et al. 2015; Wicke et al. 2011; Tonti-Filippini et al. 2017). The comparison of complete
cp sequences is a powerful tool for exploring sequence variation and molecular evolutionary patterns in plants (Nie et al. 2012;
Shen et al. 2017; Cai et al. 2006; Maier et al. 1995; Zhong et al. 2019). Based on these characteristics of the chloroplast
genome, the cp genome further provides the opportunity for exploring deep relationships in the plant tree of life (Gitzendanner et
al. 2018; Shahzadi et al. 2020; Parks et al. 2009; Jansen et al.; 2007). The cp genome has been proposed as a super-barcode for
species identi�cation (Chen et al. 2018; Krawczyk et al. 2018).

The availability of high-throughput sequencing technology has greatly accelerated the pace of research on chloroplast genome
evolution. The analysis of chloroplast genomes has become a major research focus in the �eld of plant evolution and
systematics (Zhang et al. 2019; Kumar et al. 2009; Vargas et al. 2017; Palazzesi et al. 2002). Previously, some sequences such
as rbcL (Liu et al. 2004), ndhF (Liu et al. 2004), matK (Enke et al. 2008) have been studied. Some complete chloroplast
genomes of the tribe Astereae have been reported (eg. Crepidiastrum Nakai (Do et al. 2019); Nouelia Franch. (Liu et al. 2022);
Cavea W.W. Sm. & J. Small (Yu et al. 2022); Aster L. (Park et al. 2017; Ou et al. 2019; Wang et al. 2019); Erigeron L. (Zhou et al.
2019); Saussurea DC. (Zhnag et al. 2019); Conyza Less. (Zhang et al. 2019); Heteroplexis C.C.Chang (Duan et al. 2022).
Besides, a LSC inversion from trnE-UUC to rpoB and an SSC inversion from rps15 to ndhF were detected in some lineages of
Asteraceae (Liu et al. 2012; Salih et al. 2017; Hu et al. 2020). To date, some sequences of D. benthamii have been reported rbcL
(Saslis-Lagoudakis et al. 2012), matK (Gao et al. 2010), rpoC (Gao et al. 2010). However, the systematic and comparative study
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of the mysterious Dichrocephala chloroplast genome has not yet been published in Genbank. Further study of the evolutionary
history and status of Dichrocephala is not bene�cial. Available genetic data for comparative genomic studies of D. benthamii
and related genera is limited.

Over the past two decades, the �eld of molecular phylogenetics has made signi�cant advances in the evolutionary relationships
of the tribe Astereae (Fu et al. 2016; Noyes and Rieseberg, 1999; Brouillt et al. 2009; Fiz et al. 2002; Morgan et al. 1997; Noyes
and Rieseberg, 2000; Li et al. 2012). While the tribe Astereae has a wide distribution, there are several genera within the tribe that
are locally endemic to speci�c regions such as North America, South America, and East Asia. A molecular phylogenetic study by
Noyes and Rieseberg (Noyes and Rieseberg, 1999) suggests that the Astereae originated in Africa. The studies of Funk (Funk et
al. 2009) and Brouillet (Brouillet et al. 2009) were agreed with this view. The biogeographic history of Astereae suggests that
there was a development in Africa during the Tertiary which was followed by repeated dispersals to eastern Asia and to other
Southern Hemisphere continents, including South America, New Zealand, and Australia, either directly or via Antarctica (Brouillet
et al. 2009). These dispersals contributed to the diversity and distribution of Astereae plants around the world today.

In the study, we sequenced, assembled and annotated the complete chloroplast genome of D. benthamii. The objectives of this
study were to: 1) identify and characterize the chloroplast genome structure, sequence variation, mutation hotspot regions and
duplicated regions throughout the plastid; 2) elucidate the phylogenetic relationships between D. benthamii and other Astereae;
3) determine the position of D. benthamii in the phylogenetic tree.

2. MATERIALS AND METHODS

2.1. Plant material, DNA extraction and sequencing
Fresh leaves of D. benthamii were collected from Yuexi county, Liangshan prefecture, Sichuan Province, China. The voucher
specimen was collected and placed in the herbarium of the Sichuan Normal University, China (SCNU) (Contact: Zhixi Fu,
fuzx2017@sicnu.edu.cn) under the voucher number: Junjia Luo 311. Total genomic DNA was isolated from silica-dried leaves
using a modi�ed CTAB method (Allen et al. 2006). DNA libraries were constructed using the Illumina Paired-End DNA Library Kit.
The quali�ed library was sequenced with the Illumina NovaSeq 6000 platform. The sequencing read length was 150 bp. The cp
genome sequence of D. benthamii was uploaded to NCBI with the accession number ON751565.

2.2. Chloroplast genome assembly and annotation
SPAdes software (v3.10.1) is a commonly used software for genome assembly (Bankevich et al. 2012). The cp genome of D.
benthamii was assembled using it with default parameters. The Bandage was then used to identify circular maps to assess the
quality of the assembly (Wick et al. 2015). Subsequently, the results were annotated using PGA based on the reference
chloroplast genome sequence of Eschenbachia blinii (H.Lév.) (NC 037605.1) (Qu et al. 2019). The annotation results were then
checked using Geneious R11 (Kease et al. 2012). The complete cp genome map was constructed using OGDRAW (Greiner et al.
2019). Plastid information analysis was performed using Geneious R11.

2.3. Comparative genome analysis and molecular marker identi�cation
IRscope is a bioinformatics tool used to visualize the The expansion and contractions of the cp genomes (Amiryouse� et al.
2018). Besides, as an online server, mVISTA compares DNA sequences from 6 species of tribe Astereae.

2.4. Repeat sequences and SSR analysis
REPuter is a bioinformatics program that is speci�cally designed for �nding and classifying various types of repetitive DNA
sequences in genomic sequences (Kurtz et al. 2001). The parameters were as follows: the hamming distance was three, the
maximum computed repeats were 50 bp, and the minimal repeat size was 30 bp. Simple sequence repeats (SSR) or
microsatellites in the plastomes were detected by Perl script MISA (Beier et al. 2010). The repeat units were set to 10 for
mononucleotides, 5 for dinucleotides, 4 for trinucleotides and 3 for hexanucleotides, respectively. MEGA v.7.0 was used to
analyze the synonymous codon usage and the relative synonymous codon usage (RSCU) of the D. benthamii cp genome.
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2.4. Phylogenetic analysis
The sequence matrix was constructed from the NCBI database. This study downloads 28 of the complete chloroplast
sequences and combines them with the sequenced complete chloroplast sequence of D. benthamii. Achillea millefolium L. and
Ajania paci�ca (Nakai) K.Bremer & Humphries (tribe Anthemideae) were included as outgroups. Phylogenetic relationship
reconstruction analysis by Maximum Likelihood (ML) method uses RAxML (Stamatakis et al. 2014) based on the GTRGAMMA
model on the CIPRES (Miller et al. 2010). The default settings were selected for other parameters. 1,000 bootstrap repetitions
were performed to calculate the bootstrap values (BS) for each node of the phylogenetic tree.

3. RESULTS

3.1. Chloroplast genome organization of Dichrocephala benthamii
The complete cp genome of D. benthamii was 152,350 bp in size. The cp genome of D. benthamii is the quadripartite structure
consisting of two IR regions, a LSC region, and a SSC region (Fig. 1). These regions were comprised of 24,982 bp, 84,136 bp,
and 18,250 bp, respectively (Table 1). Overall GC content of the D. benthamii cp genome was 37.3%. The GC content of the SSC
and LSC regions was 31.2% and 35.3%, respectively. The GC content of the IR region was 43.0% in D. benthamii. The IRs
contained rRNA and tRNA genes, which contributed to the total GC content of the IR. D. benthamii possessed 134 unique genes,
including 87 protein-coding genes, 38 tRNA genes, and 8 RNA genes. 7 protein-coding genes (ndhB, rpl2, rpl23, rps12, rps7,
ycf15, ycf2), 7 tRNA genes (trnA-UGC, trnI-CAU, trnI-GAU, trnL-CAA, trnN-GUU, trnR-ACG, trnV-GAC), and all rRNA genes (rrn16,
rrn23, rrn4.5, rrn5,) are located at the IR regions. 15 genes (ndhA, ndhB, petB, petD, atpF, rpl16, rpl2, rps16, rpoC, trnA-UGC, trnG,
trnI-GAU, trnK-UUU, trnL-UAA, trnV-UAC) contain one intron, while 3 genes (rps12, ycf3, clpP) possess two introns (Table 2).

Table 1
Summary of the complete chloroplast genomes of 6 species of Astereae.

Species Genome Size (bp) LSC (bp) IR (bp) SSC (bp) GC Content (%)

All LSC IR SSC

Dichrocephala benthamii 152,350 84,136 24,982 18,250 37.3 35.25 42.98 31.2

Aster ageratoides 153,071 84,896 24,953 18,269 37.28 35.15 43.06 31.33

Aster pekinensis 152,815 84,530 25,033 18,219 37.3 35.22 42.99 31.33

Aster tataricus 152,992 84,698 25,022 18,250 37.26 35.15 43.01 31.26

Heteropappus gouldii 152,450 84,226 25,011 18,202 37.36 35.3 43.03 31.3

Heteropappus sericophylla 152,214 84,369 24,983 18,293 37.32 35.23 43.04 31.32
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Table 2
List of genes found in Dichrocephala benthamii.

Category of
Genes

Group of
Genes

Name of Genes Number
of
genes

Photosynthesis Subunits of
photosystem I

psaA, psaB, psaC, psaI, psaJ 5

Subunits of
photosystem II

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

15

Subunits of
NADH
dehydrogenase

ndhA*, ndhB*(x2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK 12

Subunits of
cytochrome
b/f complex

petA, petB*, petD*, petG, petL, petN 6

Subunits of
ATP synthase

atpA, atpB, atpE, atpF*, atpH, atpI 6

Large subunit
of rubisco

rbcL 1

Self-replication Proteins of
large
ribosomal
subunit

rpl14, rpl16, rpl2*(x2), rpl20, rpl22, rpl23(x2), rpl32, rpl33, rpl36 11

Proteins of
small
ribosomal
subunit

#rps19, rps11, rps12**(x2), rps14, rps15, rps16*, rps18, rps19, rps2, rps3,
rps4, rps7(x2), rps8

15

Subunits of
RNA
polymerase

rpoA, rpoB, rpoC1*, rpoC2 4

Ribosomal
RNAs

rrn16(x2), rrn23(x2), rrn4.5(x2), rrn5(x2) 8

Transfer RNAs trnA-UGC*(2),trnC-GCA,trnD-GUC,trnE-UUC,trnF-GAA,trnG*,trnG-UCC,trnH-
GUG,trnI-CAU(2),trnI-GAU*(2),trnK-UUU*,trnL-CAA(2),trnL-UAA,trnL-
UAA*,trnL-UAG,trnM-CAU,trnN-GUU(2),trnP-UGG,trnQ-UUG,trnR-ACG(2),trnR-
UCU,trnS-GCU,trnS-GGA,trnS-UGA,trnT-GGU,trnT-UGU,trnV-GAC(2),trnV-
UAC*,trnW-CCA,trnY-GUA,trnfM-CAU

38

Other genes Maturase matK 1

Protease clpP** 1

Envelope
membrane
protein

cemA 1

Acetyl-CoA
carboxylase

accD 1

c-type
cytochrome
synthesis gene

ccsA 1

Translation
initiation factor

infA 1

Notes: *Gene contains one intron. **Gene contains two introns. #: Pseudo gene. (×2) indicates the number of the repeat unit
is 2.
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Category of
Genes

Group of
Genes

Name of Genes Number
of
genes

Genes of
unknown
function

Conserved
hypothetical
chloroplast
ORF

#ycf1, ycf1, ycf15(2), ycf2(2), ycf3**, ycf4 8

Notes: *Gene contains one intron. **Gene contains two introns. #: Pseudo gene. (×2) indicates the number of the repeat unit
is 2.

3.2. Comparative genome analysis
It indicates that information about the evolution of size differences in the IR, LSC, and SSC regions among Astereae species
(Table 1). It appears that the analysis of 6 Astereae species has revealed some divergence in the boundaries of their IR regions
(Fig. 2).

Analysis of the IR boundaries of 6 Astereae species revealed some divergence. It appears that the comparison of the border
junctions in the cp genomes has revealed some variations between two genes based on their positions. The genes such as ycf1,
rps19 were observed. The rps19 gene is located at the LSC-IRb border regions, while they varied in sizes (17bp, 60bp); The ycf1
gene spans the SSC-IRa junction. The rpl12 gene is entirely in the IR region, 115bp away from the LSC; However, a more
interesting phenomenon is that the pseudogene ycf1 of D. benthamii spans the boundary between the SSC and IRa regions
(6bp).

The mVISTA-based identity plot revealed the sequences shared a high degree of similarity. But there were a few variants. These
variations are usually observed in the intergenic spacers (IGS) instead of coding-regions, which implies that coding regions are
more conserved than non-coding regions (Fig. 3).

3.3. Sequence repeats
In this study, it is noted that there were 532 SSRs in 6 species of Astereae and the number of their SSRs is very similar (84–100)
(Fig. 4A). Among them, the number of SSRs is the highest in Aster tataricus L.f. (100) and the lowest in Aster ageratoides Turcz.
and Heteropappus gouldii (C.E.C.Fisch.) Grierson (84). In addition, 6 types of SSRs are detected, including mononucleotides,
dinucleotides, trinucleotides, tetranucleotides, pentanucleotides, and hexanucleotides (Fig. 5). The most mononucleotide
repeats (38.16%) are detected, followed by trinucleotide repeats (20.49%), dinucleotide repeats (17.86%), tetranucleotide repeats
(16.17%), and pentanucleotide repeats (6.02%) and hexanucleotide repeats (1.32%). It is noteworthy that hexanucleotide
repeats are not found in the chloroplast genome of A. tataricus. It indicated that a total of 278 tandem repeats (38–50 of each
species) were identi�ed using REPuter, with varying numbers of repeats of different types: 133 palindromic (P), 113 forward (F),
24 reverse (R), and 8 complement (C) (Fig. 4B). In Astereae, most of the repeats consisted of 30-34bp (59.00%) and 40-44bp
(14.79%), 35-39bp (12.95%), followed by ≥ 50bp (7.55%) and 45-49bp (5.76%).

3.4. Codon usage
By calculating the RSCU values for all protein-coding genes in the chloroplast genomes of D. benthamii, a total of 30,600
codons were identi�ed. 31 codons exhibited greater preference (RSCU > 1) (Fig. 6). Serine displayed no preferences (RSCU = 1),
and the remaining codons were used least preferred. It's also noted that there were no extremely rare codons (RSCU < 0.1).
Among the 20 amino acids, leucine (10.67%) accounts for the largest proportion and cysteine (1.12%) accounts for the
smallest.

3.5. Phylogenetic analysis
27 complete chloroplast sequences from Asteraceae and two plastomes of outgroup (Ajania paci�ca, Achillea millefolium)
were used to infer the evolutionary relationships. The Maximum Likelihood (ML) tree (Fig. 7) resulting from the phylogenomic
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analysis had many highly supported nodes (Brouilllet et al. 2009). The phylogenomic analysis was used to identify several
clades based on the chloroplast genome data. The tribe Astereae forms a monophyletic group. The Chinese genus Nannoglottis
(African clade) is sister to all other Astereae, followed by Llerasia caucana (S.F.Blake) Cuatrec. (Paleo South American clade). It
is sister to the remaining Astereae. The following clades are successively recovered along the spine of the maximum likelihood
tree: 1) the Australasian clade, D. benthamii belongs to African-S Asian subtribe Grangeinae. D. benthamii is sister to the clade
including Aster ageratoides, Aster pekinensis (Hance) Merr., Aster tataricus, Heteropappus gouldii, Heteroplexis sericophylla
Y.L.Chen (BP = 100%). 2) North American clade. The subtribe Conyzinae includes Erigeron annuus (L.) Pers., Erigeron
canadensis Ten. and Erigeron breviscapus (Vaniot) Hand. - Mazz. Conyzinae is sister to Pityopsis falcata (Pursh) Nutt.,
Solidago decurrens Lour. and Symphyotrichum subulatum (Michx.) G.L.Nesom (BP = 100%); 3) South American clade, a clade
(BP = 100%) comprises the remaining Astereae. The �rst clade includes Diplostephium alveolatum Cuatrec., Diplostephium
antioquense Cuatrec., Linochilus alveolatus Cuatrec., Linochilus antioquensis (Cuatrec.) Saldivia & O.M.Vargas (BP = 100%).
The second clade is composed of Floscaldasia hypsophila Cuatrec., Hinterhubera ericoides Wedd., Blakiella bartsiifolia
(S.F.Blake) Cuatrec., Laestadia muscicola Wedd. (BP = 54%), while the last clade is made of the rest of the species of section
South American lineages (BP = 100%).

4. DISCCUSION

4.1. Comparison of the chloroplast genome of D. benthamii
The complete chloroplast genome of D. benthamii is analyzed based on second-generation high-throughput sequencing
technology and bioinformatics analysis. The chloroplast genome of D. benthamii is found to be a typical circular DNA molecule
(152,350 bp) long. In the present study, 134 unique genes are annotated, including 87 protein-coding genes, 38 tRNA genes and
8 rRNA genes. Genes of unknown function, including the ycf1, ycf2, ycf3, ycf4 and ycf15 genes found in most angiosperms, are
present in the D. benthamii genome. It revealed that the GC content of the chloroplast genome was similar between D. benthamii
and 5 Astereae species, both at 37.26%-37.36%, and both the LSC region (35.15%-35.30%) and the SSC region (31.20%-31.33%)
have lower GC content than the IR region (42.98%-43.06%). In addition, all eight rRNAs are located in the IR region, resulting in
the high GC content of IR, while the lower GC content of SSC might be related to the presence of NADH (Shen et al. 2017;
Shimada et al. 1991).

4.2. Comparative analysis
The IR regions are known to be highly conserved in the genome of chloroplasts. During evolution, the expansion and
contraction of the IR, LSC, and SSC regions are common, which leads to variability in genome length (Kim et al. 2004). In the
present study, the LSC/IR and SSC/IR boundaries of the chloroplast genomes of D. benthamii and �ve other Astereae species
were highly similar. The rps19 gene spanned the LSC/IRb boundary of D. benthamii and ycf1 gene spanned the IRb/SSC
boundary. It is similar to that of the species of Astereae (D. benthamii, A. ageratoides, A. pekinensis, A. tataricus, H. gouldii, H.
sericophylla) boundary genes. It suggests that the IR region of D. benthamii has a highly conserved boundary with LSC/IRa.
However, the IRa side of the LSC/IRa boundary in D. benthamii does not have the rps19 gene. The rps19 gene is also found in
other Asteraceae (Lopes et al. 2018).

The mVISTA-based identity plot is a tool used to analyse conservation and variation of DNA sequences and gene synteny
across multiple genomes. Then, it was used to study 6 different plastomes and identify regions of increased genetic variation.
The sequence variation in the IRs region was signi�cantly smaller than that in the LSC and SSC regions. The coding regions are
more conserved over evolution than the non-coding regions (intergenic regions and some intronic sequence), which is a
common observation in genomic studies. Variation patterns showed signi�cant differences in different regions. It appeared that
in general, there are more variation observed in the LSC and SSC regions of the sequence compared to the IR region. The result
is consistent with patterns of chloroplast genomes of chloroplast genomes in other Asteraceae species (Nie et al. 2012;
Hatmaker et al. 2020; Ma et al. 2020; Loeuille et al. 2021). The high variation observed in the LSC and SSC regions was
primarily attributed to non-coding sequences. These non-coding sequences were primarily intergenic regions, followed by
intronic sequences of certain genes. It is generally observed that non-coding sequences in Astereae evolve faster than protein-
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coding genes. This pattern is consistent with what has been observed in other Asteraceae chloroplast genome sequences
(Tonti-Filippini et al. 2017; Enke et al. 2008; Liu et al. 2012).

4.3. Sequence repeats
SSRs in the chloroplast genome are known for their high levels of sequence polymorphism, abundance and uniparental
inheritance, making them a valuable tool for studying the genetics of plant populations. By analysing variation in SSRs,
researchers can gain insights into the genetic diversity, structure and evolutionary history of plant populations (Du et al. 2012;
Pauwels et al. 2012; Provan et al. 2001). In this study, 36 mononucleotide, 19 dinucleotide, 12 trinucleotide, 16 tetranucleotide, 2
pentanucleotide and 2 hexanucleotide SSRs were detected (Table 3). 80 of these SSRs were composed of A/T, AT/AT, AAT/AAT,
AAAT/ATTT, AATT/AATT, AAACT/AGTTT, AATAT/ ATATT. The chloroplast genome of D. benthamii contains a number of A or T
repeats. However, this result is not surprising because this AT preference pattern is widely reported in many plant plastids
(Somaratne et al. 2019; Zavala-Paez et al. 2020). SSRs were detected in different regions of the plastids of D. benthamii. SSRs
were mainly distributed in the LSC (82.76%) relative to the IR (6.90%) and SSC regions (10.34%). SSR and tandem repeats are
useful genetic markers for studying the genetic structure, diversity, phylogeny, and differentiation of Astereae and other
Dichrocephala species.

Table 3
SSR in the cp genome of Dichrocephala benthamii.

Repeat type
(number)

Repeat Sequence Number of repetitions total

3 4 5 6 7 8 9 10 11 12 13 14 15 16

Mononucleotides
(36)

A/T - - - - - - - 19 6 5 3   1 2 36

Dinucleotides
(19)

AT/AT - - 13 5 1                   19

trinucleotide (12) AAG/CTT - 1 1                       2

AAT/AAT 8 2                         10

Tetranucleotide
(16)

AAAT/ATTT 12                           12

AATC/ATTG 1                           1

AATT/AATT 2                           2

AGAT/ATCT 1                           1

Pentanucleotide
(2)

AAACT/AGTTT 1                           1

AATAT/ATATT 1                           1

Hexanucleotide
(2)

AATCCT/AGGATT 2                           2

4.4. Codon usage bias
Differences in codon bias can affect the speed and accuracy of protein translation, as well as protein folding, stability, and
function (Quax et al. 2015). This study found that 85 protein-coding genes in D. benthamii genome are encoded by 64 codons.
Three are termination codons (UAA, UGA, UAG). Among the 20 amino acids, leucine accounts for the largest proportion and
cysteine accounts for the smallest (Table 4). In other angiosperm cp genomes, the reported leucine and cysteines are also the
most and least abundant amino acids (Sharp et al. 1987). The frequency of the codon AUU encoding isoleucine is the highest,
but that of the codon UGC encoding cysteine is the lowest (Table 4). Relative synonymous codon usage (RSCU) is a commonly
used statistic to measure codon usage bias. It compares the frequency of usage of a speci�c codon to the expected frequency
of that codon. A value of RSCU greater than 1 indicates that the codon is used more frequently than expected, while a value less
than 1 indicates it is used less frequently than expected. 31 preferred (RSCU > 1) synonymous codons are detected, indicating
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that these codons are preferentially used in coding amino acids. Additionally, we found that only the codons encoding Serine
amino acids have no bias (RSCU = 1); however, other codons have an obvious bias in D. benthamii (Fig. 7). Intriguingly, except
UUG, all preferentially used codons end with A/U. This result agrees with that observed in other species. It shows that the
dominant codon contains more A or U in codon selection. The high proportion of A/U is the driving force of deviation (Claude et
al. 2020; Peng et al. 2020).
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Table 4
Codon usage in the chloroplast genomes of Dichrocephala benthamii.

Amino acid Symbol Codon Count RSCU Amino acid Symbol Codon Count RSCU

* Ter UAA 48 1.7778 M Met AUU 1 0.0128

* Ter UAG 19 0.7037 M Met CUG 0 0

* Ter UGA 14 0.5185 M Met GUG 0 0

A Ala GCA 359 1.1089 M Met UUG 0 0

A Ala GCC 211 0.6517 N Asn AAC 239 0.443

A Ala GCG 147 0.4541 N Asn AAU 840 1.557

A Ala GCU 578 1.7853 P Pro CCA 275 1.1329

C Cys UGC 73 0.5703 P Pro CCC 184 0.758

C Cys UGU 183 1.4297 P Pro CCG 142 0.585

D Asp GAC 180 0.3987 P Pro CCU 370 1.5242

D Asp GAU 723 1.6013 Q Gln CAA 648 1.5521

E Glu GAA 881 1.5073 Q Gln CAG 187 0.4479

E Glu GAG 288 0.4927 R Arg AGA 422 1.8522

F Phe UUC 421 0.6502 R Arg AGG 140 0.6145

F Phe UUU 874 1.3498 R Arg CGA 303 1.3299

G Gly GGA 599 1.5041 R Arg CGC 89 0.3906

G Gly GGC 188 0.4721 R Arg CGG 98 0.4301

G Gly GGG 286 0.7181 R Arg CGU 315 1.3826

G Gly GGU 520 1.3057 S Ser AGC 98 0.3488

H His CAC 135 0.5153 S Ser AGU 354 1.2598

H His CAU 389 1.4847 S Ser UCA 342 1.2171

I Ile AUA 607 0.9435 S Ser UCC 246 0.8754

I Ile AUC 358 0.5565 S Ser UCG 135 0.4804

I Ile AUU 965 1.5 S Ser UCU 511 1.8185

K Lys AAA 895 1.4992 T Thr ACA 356 1.2255

K Lys AAG 299 0.5008 T Thr ACC 221 0.7608

L Leu CUA 316 0.778 T Thr ACG 115 0.3959

L Leu CUC 155 0.3816 T Thr ACU 470 1.6179

L Leu CUG 150 0.3693 V Val GUA 479 1.5218

L Leu CUU 524 1.2901 V Val GUC 154 0.4893

L Leu UUA 793 1.9524 V Val GUG 166 0.5274

L Leu UUG 499 1.2286 V Val GUU 460 1.4615

M Met AUA 0 0 W Trp UGG 403 1
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M Met AUC 1 0.0128 Y Tyr UAC 152 0.3543

M Met AUG 547 6.9745 Y Tyr UAU 706 1.6457
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4.5. Phylogenomic analysis
It is interesting that the species of Astereae are traditional Chinese herbal medicines. However, the species identi�cation and
phylogeny of this tribe have been more controversial due to abundant species and intricate interspeci�c variation. It has been
shown that chloroplast genomes are often used as DNA barcodes for species identi�cation and phylogenetic relationship
studies. To further de�ne the phylogenetic position of D. benthamii in Astereae. To determine the phylogenetic position and
evolutionary relationships in Asteraceae, the complete cp genome sequences of 29 reported Astereae were selected to construct
a maximum likelihood (ML) phylogenetic tree, and two species of tribe Anthemideae (Achillea millefolium, Ajania paci�ca) were
considered as outgroups.

The genus of Nannoglottis is one of the earliest diverging lineages of Asteraceae, suggesting that the tribe originated in Africa
and then underwent a long dispersal or drift to eastern Asia (Liu et al. 2012). Our phylogeny has led to the similar conclusion. D.
benthamii belongs to the Grangeinae, the latest diverging African lineage, which is widely distributed in Africa and southern
Asia. This suggests that the tribe Astereae spread from eastern Asia to Indo-China Peninsula and migrated from high to low
altitudes, vialed the Qinghai-Tibet Plateau (Brouillet et al. 2009; Anderberg et al. 1991). We con�rmed that Astereae emerged in
southern Africa and dispersed early to other continents.

5. Conclusion
This study �rstly reported the CP genomes from D. benthamii. Compared to the cp genomes of �ve related Astereae species, the
genome structure and composition of D. benthamii are similar. Different variable regions and SSR markers were unmasked.
Also, the gene content arrangements and order were very much conserved. Furthermore, 87 SSRs were found, which can be
used for studies on population genetics and genetic breeding of Dichrocephala. Finally, a phylogenetic tree was constructed
based on the complete chloroplast genomes of 27 Astereae species and two Anthemideae species, con�rming that D. benthamii
had the closest relationship with Baccharidinae and Asterinae from the molecular viewpoint and revealed the position of D.
benthamii in Astereae. It was found that D. benthamii is at the base of the phylogenetic tree. It also con�rms that the tribe
Astereae underwent a long dispersal or drift to eastern Asia to the Indo-China peninsula and migrated from high to low
altitudes. Thus, the complete cp genome of D. benthamii provides valuable genetic information for this genus and lays a
foundation for identifying and studying population evolution in Astereae species.
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Figure 1

Gene map of the complete chloroplast genomes of D. benthamii. Annotated genes are colored according to functional
categories whereby the genes outside the circle were transcribed clockwise, while the genes placed inside the circle were
transcribed counterclockwise. The dark grey color in the inner circle represents GC content, whereas the light grey color
corresponds to AT content.

Figure 2

Comparison for border positions of LSC, SSC, and IR regions among the 6 species of tribe Astereae. The boxes denote genes,
and the gap between the genes and the boundaries is indicated by the number of bases unless the gene coincides with the
boundary. Extensions of genes are shown above the boxes.
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Figure 3

The cp genomes of 6 species of Astereae were compared using the mVista program with D. benthamii as the reference. The
arrow indicates the position and orientation of the gene. The Y -axis represents the percentage of identity among genome
sequences (50%–100%).
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Figure 4

Analysis of interspersed repeat sequences in the 6 species of Astereae chloroplast genomes. (A) Frequency of repeat sequences
by length; (B) Frequency of repeat types.



Page 24/25

Figure 5

Analysis of SSRs in 6 species of Astereae plastid genomes species.

Figure 6
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Codon content of 20 amino acid and stop codons in all protein-coding genes of the CP genome of D. benthamii.

Figure 7

Maximum likelihood tree of D. benthamii reconstructed based on 29 complete cp genome sequences. The species names in
bold font represent our sequenced species plastomes. (the subtribe is marked by the Brouillet et al. 2009; Bacch.: Baccharidinae;
Podoc.: Podocominae; Hinter.: Hinterhuberinae; Chrys.: Chrysopsidinae; Solid.: Solidagininae; Symph.: Symphyotrichinae;
Conyz.: Conyzinae; Aster.: Asterinae; Grang.: Grangeinae; pentagram: Astereae originated in Africa.)


