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Abstract: Paeonia suffruticosa Andr., a member of Paeoniaceae, is native to China. In its 1600 years’
cultivation, more than 2000 cultivars for different purposes (ornamental, medicinal and oil use)
have been inbred. However, there are still some controversies regarding the provenance of tree
peony cultivars and the phylogenetic relationships between and within different cultivar groups.
In this study, plastid genome sequencing was performed on 10 representative tree peony cultivars
corresponding to 10 different flower types. Structure and comparative analyses of the plastid genomes
showed that the total lengths of the chloroplast genome of the 10 cultivars ranged from 152,153 to
152,385 bp and encoded 84-88 protein-coding genes, 8 rRNAs and 31-40 tRNAs. The number of
simple sequence repeats and interspersed repeat sequences of the 10 cultivars ranged from 65-68 and
40-42, respectively. Plastid phylogenetic relationships of Paconia species/cultivars were reconstructed
incorporating data from our newly sequenced plastid genomes and 15 published species, and results
showed that subsect. Vaginatae was the closest relative to the central plains cultivar group with
robust support, and that it may be involved in the formation of the group. Paconia ostii was recovered
as a successive sister group to this lineage. Additionally, eleven morphological characteristics of
flowers were mapped to the phylogenetic skeleton to reconstruct the evolutionary trajectory of flower
architecture in Paeoniaceae.

Keywords: paeoniaceae; tree peony; chloroplast genome; codon bias; phylogenomics; flower evolution

1. Introduction

P. suffruticosa, which originated in China, has been honored as the national flower of
the Tang, Ming and Qing dynasties for its bright colors and elegant flowers. Andrews [1]
initially completed the systematic naming of tree peony. In the following 200 years, both
the Engler System and the Hooker System placed tree peony under Ranunculaceae. It was
not until the 20th century that Worsdell [2] separated Paeonia from Ranunculaceae based
on the difference in stamen arrangement between Ranunculaceae and Paconia, and the
new family was named Paeoniaceae [3]. To classify the species of Paconia more accurately,
Stern [4] further improved the classification proposed by Lynch [5] and proposed dividing
the genus into sections Onaepia, Paeonia and Moutan. Sect. Moutan comprises only woody
taxa (tree peony) in Paeonia, consisting of nine species and two subspecies that are mainly
distributed in nine provinces and autonomous regions in China, including Shandong and
Henan Province [6-8]. Sect. Moutan is further divided into subsections Vaginatae and
Delavayanae based on the characteristics of the disc [4].

In more than 1600 years’ cultivation history, tree peony has formed seven cultivar
groups worldwide, covering more than 2000 cultivars in total [9-11]. Four cultivar groups
are located in the central plains, southwest, northwest and Jiangnan of China, and three
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other cultivar groups are distributed in Japan, Europe and the United States. Over the past
decades, many studies have been conducted on the taxonomy, phylogenetic relationships
and genetic diversity of tree peonies. With regard to the origin of tree peony cultivars,
Hong [12] compared morphological characteristics and believed that the wild species
P. cathayana was a close relative of P. suffruticosa, and was mainly involved in the formation
of traditional tree peony cultivars in China, while Pan [13] believed that tree peony cultivars
were mainly domesticated from P. jishanensis. Li [14] proposed the tree peony cultivars
should have “multi-field and multi-origins”. Cheng [15] and Pei [16] considered all wild
species of tree peonies to be involved in the origin of cultivated tree peony. The only
difference between them was that Cheng believed that P. delavayi and P. [udlowii in subsect.
Delavayanae were not involved in the formation of traditional tree peony cultivars in China.
Cheng [15] also mentioned that P. delavayi and P. lutea were introduced to Europe and
the United States at the end of the 19th century and then crossed with P. suffruticosa
and the Japanese cultivar group to form the Lutea cultivar group. On the other hand,
with the further studies using molecular markers, Meng [17], Hou [18] and Yu [19] all
agreed that there was a closer kinship between cultivated tree peony and P. ostii and,
based on randomly amplified polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP) and simple sequence repeats (SSR) markers, respectively, while
there was a big disagreement concerning the kinship between other wild species and
cultivated tree peony. Li [9] believed that the southwest cultivar group in China has a
closer relationship with Japanese, French and American groups based on sequence-related
amplified polymorphism (SRAP). In addition, Chou [20], Lin [21] and Zhao [22] reported
that the DNA barcoding sequence of ITS, Adh and GPAT, respectively, were suitable for the
study of genetic relationships among tree peony species, and these results were consistent
with those based on morphological characteristics classification [23].

Flower type is one of the important ornamental characteristics of tree peony and is
also an important basis for its classification. According to the ratio of diameter to height
of a flower, the number, shape, size and arrangement of petals, the petaloid degree and
position of stamens, and the degeneration degree of pistils, the flower types of tree peony
could be divided into 10 types, including single-lobe type, lotus type, rose type, chrysan-
themum type, globular type, crown type, anemone type, golden circle type, melaleuca
proliferate-flower type and tower-like proliferate-flower type [24-26]. The natural increase
in the number of petals and the centripetal petaloid of stamens formed the evolution of
the melaleuca type from single-lobe type to lotus type to chrysanthemum type to rose
type. In the tower-like type, the centrifugal petaloid of stamens results in the evolution
from anemone type to golden circle type to crown type to globular type. Proliferate-flower
types were evolved due to the massive differentiation of carpel primordia and were suc-
cessively transformed and developed into various floral organs such as calyxes and petals
in the melaleuca and tower-like flower types [27,28]. To date, studies on the classification
and phylogenetic relationships of tree peony flower types have been rarely performed.
Hosoki [29] classified 19 Chinese tree peony cultivars based on RAPD and found that only
cultivars of P. suffruticosa cv. ‘Shou An Hong’ and “Yao Huang” were consistent with Yu's [30]
classification results which combined flower types and leaf types. This may be because the
designed random amplification primers did not amplify the related traits. Therefore, more
molecular techniques are needed to analyze the evolutionary relationships among different
flower types in tree peony.

The chloroplast is an important location for photosynthesis and a special organelle
with a semi-autonomous replication ability in plant cells. With the development of high-
throughput sequencing technology and the reduction of sequencing costs, the number of
chloroplast genomes of angiosperms in the National Center for Biotechnology Information
(NCBI) has increased exponentially. Chloroplast genomes are widely used in the study
of phylogenetic relationships among orders, families, genera, species and cultivars of
angiosperms [31-36] due to their characteristics of maternal inheritance, moderate rate
of molecular evolution, and significant differences in the evolution of gene coding and
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non-coding regions [37-39]. In Paeoniaceae, Zhou [40] conducted phylogenetic analyses for
traditional cultivars and wild species of tree peony based on 14 fast-evolved chloroplast ge-
nomic regions and 25 single-copy nuclear genes, and the results showed that the phylogeny
of the wild species inferred from the nuclear genes was fully resolved and largely congru-
ent with morphology and classification, while the chloroplast markers did not effectively
resolve the interspecies relationships due to gene flow between the wild species. Moreover,
by comparing the nuclear and chloroplast phylogenies, the cultivated tree peonies were
proposed to have originated from homoploid hybridization among five wild species [40].
Recently, Wu [41] and Guo [42] reported that the complete chloroplast genomes showed
high resolution in identification and phylogenetic analysis of the species or cultivars of
tree peony. Therefore, the chloroplast genome is an ideal material for the phylogenetic
study of Paeoniaceae and the 10 tree peony flower types, which have a complex genetic
background and high heterozygosity. In this study, we obtained the complete chloroplast
genomes of 10 representative tree peony cultivars and gained a better understanding of the
evolutionary relationships among the 10 tree peony flower types through robust phylogeny.

2. Materials and Methods
2.1. Species of Paeoniaceae and Cultivars Represented by 10 Flower Types

To analyze the genetic relationship more comprehensively between the 10 tree peony
flower types and species of Paeoniaceae, and to determine the evolutionary trend of tree
peony in an artificial cultivation environment more systematically, we collected 15 species
of Paeoniaceae with complete chloroplast genome sequences from NCBI. The 15 species
were P. brownii from sect. Onaepia; P. lactiflora, P. mairei, P. obovate and P. veitchii from
sect. Paeonia; P. delavayi, P. lutea, P. potaninii and P. ludlowii from subsect. Delavayanae,
sect. Moutan; and P. decomposita, P. jishanensis, P. ostii, P. qiui, P. rockii and P. suffruticosa
from subsect. Vaginatae, sect. Moutan. In addition, we obtained the chloroplast genome
sequences of P. ostii cv. ‘Feng Dan’ (single-lobe type) and P. suffruticosa cv. ‘Shou An Hong’
(crown type) from NCBI (data from Guo et al. 2020) [42].

The other eight representative cultivars of 10 tree peony flower types were P. suffruti-
cosa cv. ‘Da Jin Fen’” (lotus type), P. xlemoinei ‘"High Noon’ (chrysanthemum type), P. suffruti-
cosa cv. ‘Da Zong Zi’ (rose type), P. suffruticosa cv. ‘Greendragon sleeping pool’ (anemone type),
P. suffruticosa cv. ‘Yao Huang’ (golden circle type), P. suffruticosa cv. ‘Dou Lv’ (globular type),
P. suffruticosa cv. “‘Cao Zhou Hong’ (melaleuca proliferate-flower type) and P. suffruticosa cv.
‘Guan Qun Fang’ (tower-like proliferate-flower type). These cultivars, confirmed by Yi-Lei
Wang, were obtained from the tree peony germplasm resources nursery of Heze Academy
of Agricultural Sciences, Shandong Province, China in 2020. Additionally, these representa-
tive cultivars of 10 tree peony flower types [26] (Figure 1) are all traditional varieties and
important resources for genetic breeding, possessing economic and ornamental values,
e.g., different colors (white, red, green, yellow, pink, purple) and architectures of flower
organs, medicinal uses and serving as a major woody oil plant species containing highly
unsaturated fatty acids.

2.2. Sampling, DNA Extraction and Sequencing

The fresh and mature leaves of eight tree peony cultivars were sampled and frozen by
nitrogen and stored in a freezer (—80 °C) for the usage of DNA extraction. A Genomic DNA
Kit (TianGen Biotech CO., Beijing, China) was used to extract DNA from the leaves. The
purity of the extracted DNA was tested with a NanoDrop-2000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). Shotgun library with a 250 bp fragments interruption
was built according to the manual (Vazyme Biotech Co. Ltd., Nanjing, China). After
library was qualified, high-throughput sequencing with a PE150 reading length was carried
out based on the Illumina novaseq 6000 platform (Annoroad Gene Technology Co., Ltd.,
Beijing, China).
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Figure 1. Flower types of all 10 tree peony cultivars. From left to right, from top to bottom were
P. ostii cv. ‘Feng Dan’ (single-lobe type), P. suffruticosa cv. ‘Da Jin Fen’ (lotus type), P. xlemoinei ‘High
Noon’ (chrysanthemum type), P. suffruticosa cv. ‘Da Zong Zi’ (rose type), P. suffruticosa cv. ‘Cao Zhou
Hong’ (melaleuca proliferate-flower type), P. suffruticosa cv. ‘Greendragon sleeping pool’ (anemone
type), P. suffruticosa cv. “Yao Huang’ (golden circle type), P. suffruticosa cv. ‘Shou An Hong’" (crown
type), P. suffruticosa cv. ‘Dou Lv’ (globular type) and P. suffruticosa cv. ‘Guan Qun Fang’ (tower-like
proliferate-flower type).

2.3. Assembly and Annotation of Chloroplast Genomes

First, Trimmomatic v0.38 [43] was used to filter the adaptors and low-quality se-
quences in the raw data obtained by sequencing and to obtain high-quality clean reads.
Subsequently, the chloroplast genome assembly software GetOrganelle v1.7.5.0 [44] was
used to conduct the automatic assembly of clean reads from eight tree peony cultivars
using P. ludlowii as a reference sequence under default parameters. The assembly results
were then evaluated in combination with Bandage v0.8.1 [45]. Except for P. suffruticosa
cvs. ‘Cao Zhou Hong' and ‘Da Jin Fen,’ the chloroplast genomes of other cultivars showed a
standard tetrad structure. Two cultivars with unloop chloroplast genome assembly results
were assembled using P. ludlowii as the reference sequence under default parameters using
NOVOPlasty v4.3.1 [46], and contigs of different lengths were mapped to the reference
sequence using Geneious v2022.0.2 [47]. A high-quality chloroplast genome was obtained
after gap filling and overlap removal. Finally, PGA software [48] was used to automati-
cally annotate the assembled eight chloroplast genome sequences with P. ludlowii as the
reference sequence, and Geneious v2022.0.2 was used to manually calibrate the annotation
results. The chloroplast genomes of eight peony cultivars were uploaded to NCBI (GenBank
accession number: ON243818, ON243819, ON243820, ON243821, ON243822, ON227528,
ON227529, ON209192).

2.4. Structure, Comparison and Phylogenetic Analysis of Chloroplast Genomes

To more intuitively show the content and order of genes in the chloroplast genome,
Chloroplot [49] was used to visually map the chloroplast genome. The Pfam database
and TBtools [50] were then used to annotate and visualize the functional domain of the
protein-coding sequences. To further determine whether there was consistency in codon
usage between tree peony cultivars, CodonW v1.4.2 [51] was used to conduct codon bias
analysis on 10 tree peony cultivars with default parameters. Simple sequence repeats (SSRs)
were searched via MISA v1.01 [52] with the following criteria: 10, 5, 5, 5, 5 and 3 repeat
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units for mono-, di-, tri-, tetra-, penta- and hexa-nucleotides, respectively. Interspersed
repeated sequences were searched using REPuter [53] with a Hamming distance, maximum
computed repeats and minimal repeat size of 3, 80 and 30, respectively. The contraction and
expansion of the four regions connected to the IR regions in the chloroplast genome were
detected by IRscope [54]. mVISTA [55-57] was used to compare the chloroplast genomes of
tree peony cultivars to detect the variation. In the process of phylogenetic tree construction,
Mafft v7.453 [58] was first used to compare the whole chloroplast genomes of 15 species
of Paeoniaceae and 10 tree peony flower types, and then igtree v1.6.12 [59] was used to
select the model and construct the phylogenetic tree. ML analysis was conducted with a
bootstrap of 1000 repetitions.

2.5. Reconstruction of Ancestral Characteristics for Flower Architecture

Reconstruction for ancestral flower architectures of Paeoniaceae species was based
on our highly supported phylogenetic relationships of Paeoniaceae. The morphological
characteristics of flowers of Paeoniaceae species and cultivars were collected through self-
observation and records from the online edition of Chinese Flora iPlant (http://www.
iplant.cn/frps) (accessed on 9 May 2022) [60] (flora—Plant Species Information System; last
accessed 9 May 2022) (Supplementary Table S1). All flower characteristics were further
categorized into 11 traits. Mesquite V3.04 [61] was used to analyze ancestral characteristics
based on the parsimony ancestral state reconstruction method used in the study of Rosaceae
fruit types evolution [62].

3. Results
3.1. Basic Characteristics of the Chloroplast Genome of 10 Tree Peony Flower Types

The chloroplast genomes of 10 tree peony flower types showed a typical tetrad struc-
ture, consisting of a long single-copy region (LSC), a short single-copy region (SSC) and
a pair of inverted repeat regions (IR) (Figure 2). (The chloroplast genome maps of 10 tree
peony cultivars are shown in Supplementary Figures S1-510). The chloroplast genome
length ranged from 152,153 to 152,835 bp, while the genome length of the LSC, SSC and
IR regions ranged from 84,213 to 85,373 bp, 17,026 to 17,056 bp and 24,863 to 25,649 bp,
respectively. The GC content in the chloroplast genome ranged from 38.3 to 38.4%, and the
GC content in the IR regions was significantly higher than that in the LSC and SSC regions
(Table 1).

Paeonia suffruticosa

Plastid Genome
8488 protein-coding genes;
8 rRNAS;
31-40 tRNAS
152,153-152,385 bp
GC:38.3-38.4%

Figure 2. Chloroplast genome map of 10 tree peony flower types using P. suffruticosa cv. ‘Da Zong Zi’
as the template. The gradient GC content of the genome was plotted in the second circle, with a zero
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level based on the outer circle. The gene names and their codon usage biases were labeled on the
outermost layer. An * in the name of a gene indicates that the gene is a pseudogene. The gene-
specific GC content was depicted with the proportion of shaded areas. Represented with arrows,
the transcription directions for the inner and outer genes are listed clockwise and anticlockwise,
respectively. (The chloroplast genome maps of the 10 tree peony cultivars are shown in Supplementary
Figures 51-510).

Table 1. Basic information of chloroplast genomes of ten flower types.

GenBank Accession

Cultivar All Length GC% LSC Length GC% SSC Length GC% IRLength GC% N

umbers

P. ostii cv. 'Feng Dan’ 152,153 bp 383 85,373 bp 36.7 17,054 bp 327  24863bp 431 MG585274.1
P. suffruticosa cv. ‘Da Jin Fen’ 152,835 bp 38.3 84,485 bp 36.6 17,056 bp 326  25647bp 431 ON243818
P.xlemoine ‘High Noon’ 152,519 bp 38.4 84,213 bp 36.7 17,026 bp 328  25640bp 431 ON243821
P. suffruticosa cv. ‘Da Zong Zi’ 152,820 bp 38.4 84,471 bp 36.6 17,051 bp 326 25,649 bp 43.1 ON243822
P. suffruticosa cv. ‘Greendragon sleeping pool’ 152,820 bp 38.4 84,475 bp 36.6 17,051 bp 326 25647 bp 43.1 ON243820
P. suffruticosa cv. “Yao Huang’ 152,819 bp 38.4 84,474 bp 36.6 17,051 bp 326 25,647 bp 43.1 ON227529

P. suffruticosa cv. ‘Shou An Hong’ 152,819 bp 38.4 84,474 bp 36.6 17,051 bp 326  25647bp 431 MK701996.1
P. suffruticosa cv. ‘Dou Lv’ 152,819 bp 38.4 84,474 bp 36.6 17,051 bp 326  25647bp 431 ON243819
P. suffruticosa cv. ‘Cao Zhou Hong" 152,835 bp 38.3 84,485 bp 36.6 17,056 bp 326 25,647 bp 43.1 ON227528
P. suffruticosa cv. ‘Guan Qun Fang’ 152,820 bp 38.4 84,471 bp 36.6 17,053 bp 326 25649 bp 43.1 ON209192

In terms of the number and order of genes in the chloroplast genome, 10 tree peony
flower types were highly consistent except for P. ostii cv ‘Feng Dan’ and P. suffruticosa cv
‘Shou An Hong,” and 136 genes were annotated. Each of the eight peony cultivars contained
88 protein-coding genes, 8 rRNAs and 40 tRNAs. Among the 136 genes, 17 contained
introns, including 12 protein-coding genes and 5 tRNA genes. Most of these genes contained
only one intron, while ycf3, clpP and rps12 contained two introns, among which the rps12
gene was a trans-splicing gene with a 5 end in the LSC region and a 3’ end in the IR
regions (Supplementary Table S2). Through the identification of the functional domains of
88 protein-coding genes, most were found to contain only one to three domains, and the
rpoB genes had five functional domains (Supplementary Figure S11).

Codon bias exists widely in natural protein translation and is influenced by many
factors, including mutational pressure, natural selection and genetic drift [63-65]. In this
study, relative synonymous codon usage (RSCU) was used to measure the codon bias of
10 tree peony cultivars because it is easy to calculate and can intuitively reflect the codon
bias. The chloroplast genome contains 64 codons encoding 20 amino acids. Leucine had
the most frequent codons, whereas cysteine had the least. The number of RSCU > 1 was 31,
of which only UUG and UCC were G/C-ending codons, and the other 29 codons ended
in A/U. Among the remaining 33 codons with RSCU < 1, 30 codons ended in G/C, and
only three codons (CUA, AUA and UGA) ended in A/U. The chloroplast genomes of the
10 flower types were more likely to select codons ending in A /U for amino acid synthesis
(Supplementary Figure S12 and Table S3). GC3s refers to, in addition to Met, Ser and
termination codons, the frequency of G and C bases in the third codon base of synonymous
codons encoding the same amino acid. The GC3s values of the 10 flower types ranged from
0.283 to 0.285, indicating that the 10 flower types had a higher bias for codons ending in
A/T (Supplementary Table S4).

Interspersed repeated sequences are widely present in the chloroplast genome and
include forward (F), reverse (R), complement (C) and palindromic repeat sequences (P),
which repeat units with 30 bp or more. The total number of interspersed repeated se-
quences in the chloroplast genome of the 10 tree peony flower types was 40—44. The
detected interspersed repeated sequences were forward and palindromic repeat sequences,
and there were no reverse or complement repeat sequences. The lengths of the forward
and palindromic repeat sequences are mainly concentrated between 30 and 60 bp. The
differences between the interspersed repeated sequences of different cultivars were mainly
reflected in the palindromic repeat sequences (Supplementary Figure 513 and Table S5).

Simple sequence repeats (SSRs), also known as microsatellite DNA, are second-
generation molecular markers composed of 1-6 tandem repeating nucleotide units and are
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often used to describe genetic differences at the individual level [66]. The total number of
SSRs in the chloroplast genomes of the 10 tree peony cultivars ranged from 65 to 68. Among
them, the longest tandem repeat unit was four, and no SSRs with five or six repeat units
were detected. In SSRs, the number of SSRs with mononucleotides was 42-45, accounting
for 61.76-69.23% of the total SSRs. There were 11-14 SSRs with dinucleotides, accounting
for 16.92-20.59% of the total SSRs (Supplementary Figure S14 and Table S6).

The IR regions of the chloroplast genome have a lower rearrangement and mutation
rate than the LSC and SSC regions, which play a crucial role in the stability of the chloroplast
genome [67]. Analysis of the IR regions of the chloroplast genome of 10 tree peony flower
types showed that the rps19 gene of P. ostii cv. ‘Feng Dan’ was completely located in the
LSC region, however, the rps19 gene of the other nine tree peony flower types was located
across the LSC and IRb regions, most of which was located in LSC, and only 2 bp was
located in the IRDb region. The rpl2 gene in P. ostii cv. ‘Feng Dan’ straddles the boundary of
LSC and IRb, and the two regions are similar in length (718 bp and 778 bp, respectively).
The rpl2 gene in the other nine flower types was completely located in IRb. This may be
due to the contraction of the IR region. In the SSC/IRb and SSC/IRa boundary regions, two
transboundary genes, ycfl and ndhF, showed high consistency among the 10 flower types.
However, the location of trnH genes in the LSC/IRa regions was different in different tree
peony flower types; they were located in the LSC region and 3-79 bp away from the IRa
region (Supplementary Figure S15).

The genome comparison was based on mVISTA software using P. ludlowii of subsect.
Delavayanae as a reference. It showed that the chloroplast genomes of the 10 tree peony
cultivars selected in this experiment were relatively conserved overall, with mutations
mainly occurring in some intron regions and intergenic regions and highly conserved in
the protein-coding region and four rRNA (rrn16, rrn23, rrn4.5 and rrn5) regions (similarity
> 90%). In terms of the four components of the chloroplast genome, the mutation rate in
the IR regions was significantly lower than that in the LSC and SSC regions, indicating that
the IR regions were highly conserved (Supplementary Figure 516).

3.2. Phylogenetic Analysis of the Chloroplast Genomes of 15 Paeoniaceae Species and 10 Tree Peony
Flower Types

To accurately unveil the evolutionary relationships between wild species and cultivars
of Paeoniaceae, we reconstructed the phylogenetic tree (Figure 3) based on the chloroplast
genomes of 15 Paeoniaceae species and 10 tree peony flower types using the maximum like-
lihood method (ML). Our results showed that sects. Paeconia and Onaepia were each resolved
as one monophyletic branch. Section Moutan, however, was polyphyletic, and showed a
complicated composition, with subsect. Delavayanae containing an alien P. x lemoinei ‘High
Noon’, and the other subsect, Vaginatae, inserted by P. ostii cv. ‘Feng Dan’ and P. suffruticosa.
In subsect. Delavayanae, P. lutea was more closely related to P. ludlowii than P. delavayi
and P. potaninii. In addition, P. delavayi was recovered as the sister group to P. potaninii,
despite being earlier proposed as a different species by Li [27]. In subsect. Vaginatae, four
species (P. rockii, P. qiui, P. decomposita and P. jishanensis) clustered into a monophyletic
branch, with P. rockii having a closer kinship with P. giui, and P. decomposita being more
closely related to P. jishanensis. This branch did not group with the other species of the
same subsection (P. ostii). P. suffruticosa was resolved as the sister to all other cultivars of
this species and placed at the junction node of subsect. Vaginatae and the central plains
cultivar group. Both the bootstrap support values for these were 100%.

With regard to phylogenetic relationship of 10 tree peony flower types, P. ostii cv. ‘Feng
Dan’ (single-lobe type) and P. ostii gathered in one branch, and P.xlemoinei ‘High Noon’
(chrysanthemum type), an intrasubsectional introduction from the US, showed a closer
kinship with P. ludlowii and P. lutea. The remaining eight flower types belonged to the
central plains cultivar group. Among the melaleuca flower types, P. suffruticosa cv. ‘Da
Jin Fen’ (lotus type) showed a close genetic relationship to P. suffruticosa cv. ‘Cao Zhou
Hong’ (multi-layer proliferate-flower type), and P. suffruticosa cv. ‘Da Zong Zi’ (rose type)
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was genetically close to P. suffruticosa cv. ‘Guan Qun Fang’ (tower proliferate-flower type).
All tower-like types clustered into a monophyletic group, with P. suffruticosa cv. ‘Shou An
Hong’ (crown type) sister to a lineage comprising P. suffruticosa cv. ‘Greendragon sleeping
pool” (anemone type), P. suffruticosa cv “Yao Huang’ (golden circle type) and P. suffruticosa
cv. ‘Dou Lv’ (globular type). Our results based on the plastid genomes differed from the
inference of flower type evolution by Wang [28], which were based on the morphological
characteristics of flower buds.
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Figure 3. Phylogenetic tree constructed using the maximum likelihood (ML) method based on the
complete chloroplast genome sequences of 15 Paeoniaceae species and 10 tree peony flower types.
(a). P. lactiflora; (b). P. brownii; (c). P.xlemoinei ‘High Noon’; (d). P. delavayi; (e). P. jishanensis, (f). P. ostii
cv. ‘Feng Dan’; (). P. suffruticosa; (h). P. suffruticosa cv. ‘Cao Zhou Hong,” (i). P. suffruticosa cv. ‘Da
Jin Fen’; (j). P. suffruticosa cv. ‘Shou An Hong’; (k). P. suffruticosa cv. “Yao Huang’; (1). P. suffruticosa
cv. ‘Dou Lv’; (m). P. suffruticosa cv. ‘Greendragon sleeping poor’; (n). P. suffruticosa cv. ‘Da Zong Zi’;
(0). P. suffruticosa cv. ‘Guan Qun Fang.” Among the 25 chloroplast genome sequences for phylogenetic
tree construction, species (cultivar) names in bold were taken from self-sequenced data, whereas
those not in bold were downloaded from the NCBI database.

3.3. Reconstruction of Evolutionary Trajectory of Flower Characteristics of Paeoniaceae

Based on the robust phylogenetic relationship of Paeoniaceae and the morphologi-
cal characteristics of flowers of extant Paeoniaceae species, we reconstructed the flower
structure characteristics for Paeoniaceae ancestors and the evolutionary trajectory of flower
architecture. (Figure 4). We inferred that the flowers of in the last common ancestor of
Paeoniaceae should have two rounds of petals and that the shape of the petals was typically
obovate. In terms of the number of stamens, Paeoniaceae ancestors maintained more than
100 stamens. The pistil type was apocarpous, with two to six carpels varying between
individuals and smooth and hairless surfaces. In the natural evolution of the wild species
of Paeoniaceae, characteristics such as petal shape, petal round number (Figure 5a), ovary
position and fruit type were retained, but some distinct morphological characteristics have
obviously evolved among different subgroups. One of these was the disc, a specialized
receptacle in the flower between the calyx and the pistil. In the ancestors of Paeoniaceae,
the receptacle between the calyx and the pistil specialized to form fleshy dentate or fleshy
shallow cup-shaped discs that wrapped the base of the carpel. In later evolutions, a leathery
epidermis, named a carpellary disc, appeared on the disc of the subsect. Vaginatae, and the
disc area expanded until it completely covered the carpel; only when the petals were fully
blossomed did a partially mature carpel emerge (Figure 5b). In addition, subsect. Vaginatae
in sect. Moutan and some species of sect. Paconia developed a dense tomentum on the
carpel (Figure 5¢), and the number of carpels in P. ludlowii decreased to one, in rare cases to
two. This may have evolved to provide more pollination opportunities for pistils and more
nutrients for fruit [62].
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Figure 4. Evolutionary histories of flower types in Paeoniaceae. The evolutionary history of different
flower types in Paeoniaceae was reconstructed based on Paeoniaceae phylogenetic relationship and
11 morphological characteristics. Based on the reconstruction results of ancestral characteristics, we
predicted the representative flower types of the four evolutionary node species of Paeoniaceae. The
evolution of floral organs mainly focuses on the shape and number of petals, the characteristics of
disc and the number of carpels.
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Figure 5. Reconstruction of ancestral characteristics in the context of the topology in Figure 2.
The color in the square represents the specific characteristics of this morphological trait in the
species (cultivars). The colors of different nodes in the topology represent the inference results
of the corresponding ancestral characteristics based on the morphological characteristics of the
species (cultivars) and the topology of Figure 2. (The other six reconstruction results of the ancestral
characteristics of Paeoniaceae based on morphological features and topological structure are located
in Supplementary Figures 517-522). (a) Reconstruction of ancestral petal round numbers in the
context of the topology in Figure 2; (b) Reconstruction of ancestral receptacle shape in the context
of the topology in Figure 2; (c) Reconstruction of the ancestral carpel feature in the context of the
topology in Figure 2.

4. Discussion

Research on the origin of tree peony cultivars and the genetic relationship between
cultivars has gained much help from the application of molecular technology in recent
years [18,20-22,68]. However, studies on different molecular markers still produce contro-
versial results due to the limitations of experimental materials and methods. In this study,
the phylogenetic relationships among the 10 tree peony cultivars with different flower
types and the origins of the cultivars were explored based on the data of complete chloro-
plast genomes. In terms of phylogenetic relationships among cultivars, P. x lemoinei ‘High
Noon’ (Lutea cultivar group), P. ostii cv ‘Feng Dan’ (Jiangnan cultivar group) and the other
8 cultivars (central plains cultivar group) were each grouped into one clade according to the
classification of cultivar groups. These results indicate that there were genetic discrepancies
among different cultivar groups due to different origins from different ancestral species.
In terms of the origin of cultivars, the phylogenetic topology showed that the tree peony
model plant P. suffruticosa was more closely related to the central plains cultivar group,
which was consistent with the suggestion by Hong [12] that P. suffruticosa was involved in
the formation of traditional Chinese tree peony cultivars. Further tracing of the ancestors of
the central plains cultivar group revealed that wild species of subsect. Vaginatae were more
closely related to the central plains cultivar group. This is consistent with the inference by
Meng and Zhang [17], who studied the relationship between wild tree peony species and
cultivars based on RAPD, and suggested that wild species of subsect. Vaginatae participated
in the formation of the original cultivar groups. However, Wang [69], Li [14] and Yu [70]
proposed that, based on evidence from morphology and cytology, P. jishanensis, P. rockii and
P. ostii were mainly involved in the formation of the central plains cultivar group, and our
study further proposed that, compared with P. jishanensis, P. ostii might be more genetically
involved according to the phylogeny. Meng [17], Hou [18] and Han [71] obtained the same
results as this study using RAPD, AFLP and SRAP markers, respectively. However, there
are still some discrepancies between the chloroplast genome and the above molecular mark-
ers with regard to the relationships of P. decomposita and P. giui to the central plain cultivar
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group. It is speculated that the chloroplast genome is maternally inherited, and there is
a preference for parental selection in the cultivation process of tree peony cultivars [72],
resulting in discordance between the chloroplast genome and nuclear markers.

The emergence of simple and double flower traits in tree peony is a significant fea-
ture [27], and an obvious sign of flower type artificial evolution, probably under strong and
directional selection. Additionally, attention has been paid to other ornamental characteris-
tics of tree peony, such as petal color and shape in the process of artificial breeding; thus,
there is no obvious evolution in disc shape, carpel number or other characteristics compared
with wild species. However, the numbers of petals and petal rounds have evolved rapidly.
Based on the features of flower bud differentiation, Wang [28] proposed the evolutionary
forms of melaleuca and tower-like flower types, which provided a reference for predicting
the variation amplitude of flower types and the characteristics of further evolution. Among
the 10 tree peony flower types in this study, the melaleuca and tower-like flower types each
clustered into one branch, indicating that cultivars with different evolutionary degrees of
the same flower type probably had similar evolutionary relationships, which has important
reference significance for selecting parents for directional breeding of flower types. How-
ever, the evolutionary sequence within the same flower type was somewhat different from
Wang [28], which may be related to the differences in the ancestor species and flower color
of the 10 tree peony flower types [73]. Therefore, cultivars with a common ancestor and
different flower types of the same color system can be selected for further study.

In the long-term evolution process of Paeoniaceae, the tree peony flower types gradu-
ally diversified and complicated due to the extensive homoploid hybridization involved
in tree peony domestication [24,40]. The flower types of tree peony could be divided into
10 types based on the ratio of diameter to height of a flower, the number, shape, size and
arrangement of petals, the petaloid degree and position of stamens and the degeneration
degree of pistils [24,25]. Among these variable factors, the petaloid of stamens and degen-
eration of pistils are the main reasons that affect the diversity of flower types in tree peony.
Moreover, the phenomena of centripetal and centrifugal petaloid of stamens are common
in tree peony [26], whereas only centripetal stamen petaloid exists in some other plants,
such as the formation of double flowers in Malus halliana [74], rose [75], Prunus mume [76]
Actaea rubra [77] and Camellia japonica [78]. The centrifugal petaloid of stamens provides the
basis for the formation of the rich floral types of tree peonies, as the case of golden-circle
type tree peony with stamens between the normal petals and petaloid stamens. Similarly,
the peony, a herb perennial taxa and sister to tree peony in Paeonia, had the diversified and
complicated flower types formed by centripetal and centrifugal petaloid of stamens [79].
Gao [80] speculated that the evolution mechanism of tree peony flower type accorded with
the ABC model of floral development in angiosperm species [81]. Recently, studies of genes
associated with the petaloid of stamens had been performed in some species, and showed
that the homeotic ABC genes encode members of the MADS-domain class of transcription
factors regulating the petaloid of stamens in Camellia changii [77], Paeonia lactiflora [82] and
Nelumbo necifera [83]. According to the ABC model, it was inferred that the mechanism of
gene over-expression and homologous heterologous inheritance were the main regulatory
mechanisms for the diversity of flower types in tree peony.

In this study, based on the phylogenetic relationship between wild species of Paeo-
niaceae and 10 tree peony flower types, we reconstructed their ancestral characteristics
to gain a deeper understanding of the evolutionary relationship between wild species
and cultivars of Paeoniaceae. However, further studies are needed to explore the deep
network evolution between cultivars and ancestral species and the molecular evolutionary
relationship between different flower types. A systematic understanding of the evolution-
ary relationship between wild species and high-value cultivars of tree peony is not only
beneficial to the utilization of rich genetic resources of wild species and traditional cultivars,
but also has important guiding significance for individualized directional breeding.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/genes13122229 /51, Figure S1: Chloroplast genome map of P. suf-
fruticosa cv. ‘Cao Zhou Hong’; Figure S2: Chloroplast genome map of P. suffruticosa cv. ‘Da Jin Fen’;
Figure S3: Chloroplast genome map of P. suffruticosa cv. ‘Da Zong Zi’; Figure S4: Chloroplast genome
map of P. suffruticosa cv. ‘Dou Lv’; Figure S5: Chloroplast genome map of P. ostii cv. ‘Feng Dan’;
Figure S6: Chloroplast genome map of P. suffruticosa cv. ‘Guan Qun Fang’; Figure S7: Chloroplast
genome map of P.xlemoinei ‘High Noon’; Figure S8: Chloroplast genome map of P. suffruticosa cv.
‘Greendragon sleeping pool’; Figure S9: Chloroplast genome map of P. suffruticosa cv. ‘Shan An Hong’;
Figure S10: Chloroplast genome map of P. suffruticosa cv. “Yao Huang’; Figure S11: Protein functional
domains of protein-coding genes in 10 tree peony flower types; Figure S12: Heat map of relative
synonymous codon usage (RSCU) values among 10 tree peony cultivars with different flower types;
Figure S13: Types and amounts of long repeat sequences in the chloroplast genomes of 10 tree peony
cultivars with different flower types; Figure S14: Types and amounts of SSRs in the chloroplast
genomes of 10 tree peony cultivars with different flower types; Figure S15: Comparative analysis of
chloroplast genomic boundaries of 10 tree peony cultivars with different flower types; Figure S16:
Comparison and analysis based on the chloroplast genome of 10 tree peony cultivars with different
flower types. The orientation of the genes is indicated by arrows denoting the alignments. Purple,
blue, pink, and gray bars correspond to exons, untranslated regions, non-coding sequences, and
mRNA, respectively. The y-axis indicates the percentage of genetic similarity. Genetic similarities
between 50% and 100% are shown in the figure; Figure S17: Reconstruction of ancestral carpel number
in the context of the topology in Figure 2; Figure 518: Reconstruction of ancestral carpel wrapped
situation in the context of the topology in Figure 2; Figure S19: Reconstruction of the ancestral ovary
connation in the context of the topology in Figure 2; Figure S20: Reconstruction of the ancestral petal
shape in the context of the topology in Figure 2; Figure S21: Reconstruction of ancestral receptacle
feature in the context of the topology in Figure 2; Figure S22: Reconstruction of ancestral sepal number
in the context of the topology in Figure 2. Table S1: Information for 11 morphological characters
of 15 species in Paeoniaceae and ten flower types of peony; Table S2: Statistics on the number of
protein-coding genes, tRNAs and rRNAs and the distribution of introns in ten chloroplast genomes
of Ten flower types of Peony; Table S3: Relative synonymous codon usage (RSCU) values among Ten
flower types of Peony; Table S4: Codon usage of the Ten flower types of Peony; Table S5: Types and
amounts of long repeat sequences in Ten flower types of Peony chloroplast genome; Table S6: Types
and amounts of SSRs in Ten flower types of Peony chloroplast genome.

Author Contributions: W.L, X.-C.H., G.-C.Z. and ].-Y.X. designed the study and analyzed the data,
WL, G-CZ,Y-LW,R-J.Z,D.-YS. and T.-EL. collected samples and conducted experiments, X.-C.H.
assembled and annotated the chloroplast genomes, and conducted phylogenetic analyses, W.L. and
X.-C.H. wrote the manuscript, and G.-C.Z. and ].-Y.X. supervised the work. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the State Key Laboratory of Palaeobiology and
Stratigraphy (Nanjing Institute of Geology and Palaeontology, CAS) (No. 213124) (provided to J.-Y.X.),
the Doctoral Fund (No. XY19BS15) of Heze University (provided to G.-C.Z.), and the Qingchuang
Science and Technology Support Program of Shandong Provincial College.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study can be found in the National Center
for Biotechnology Information (NCBI) (https://www.ncbinlm.nih.gov/, accessed on 17 October 2022)
and obtained from GenBank under accession (numbers ON209192, ON227528, ON227529, ON243818,
ON243819, ON243820, ON243821, and ON243822).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflicts of interest.


https://www.mdpi.com/article/10.3390/genes13122229/s1
https://www.mdpi.com/article/10.3390/genes13122229/s1
https://www.ncbi.nlm.nih.gov/

Genes 2022, 13, 2229 13 of 15

References

1.  Andrews, H.C. Paeonia suffruticosa. Bot. Repos. 1804, 6, 373.

2. Worsdell, W.C. A study of the vascular system in certain orders of the Ranales. Ann. Bot 1908, 22, 663. [CrossRef]

3. Yang, Y, Sun, M;; Li, S.; Chen, Q.; Teixeira da Silva, ].A.; Wang, A_; Yu, X.; Wang, L. Germplasm resources and genetic breeding of
Paeonia: A systematic review. Hortic. Res. 2020, 7, 107. [CrossRef] [PubMed]

4. Stern, F.C. A Study of the Genus Paeonia. R. Hortic. Soc. Lond. 1946, 1, 155.

5. Lynch, R.I. A new classification of the genus Paeonia. J. R. Hortic. Soc. 1890, 12, 428-445.

6. Hong, D.Y.; Pan, K.Y. A revision of the Paeonia suffruticosa complex (Paeoniaceae). Nord. J. Bot. 1999, 19, 289-300. [CrossRef]

7. Hong, D.Y,; Pan, K.Y. Taxonomical history and revision of Paeonia sect. Moutan (Paeoniaceae). Acta Phytotaxon. Sin. 1999, 37,
351-368.

8. Hong, D.Y,; Zhou, S.L.; He, X.J.; Yuan, ].H.; Zhang, Y.L.; Cheng, EY.; Zeng, X.L.; Wang, Y.; Zhang, X.X. Current status of wild tree
peony species with special reference to conservation. Biodivers. Sci. 2017, 25, 781-793. [CrossRef]

9. Li, Z;Yang, K; Zhao, Y,; Lin, P. Genetic diversity analysis based on sequence-related amplified polymorphism (SRAP) reveals the
genetic background of Xinan tree peony group cultivars from different geographical provenances. Hortic. Environ. Biotechnol.
2018, 59, 567-574. [CrossRef]

10. Wang, L.; Shiraishi, A.; Hashimoto, F.; Aoki, N.; Shimizu, K.; Sakata, Y. Analysis of Petal Anthocyanins to Investigate Flower
Coloration of Zhongyuan (Chinese) and Daikon Island (Japanese) Tree Peony Cultivars. J. Plant Res. 2001, 114, 33-43. [CrossRef]

11.  America Peony Society (APS). Peony Registry. Available online: https://americanpeonysociety.org (accessed on 18 May 2022).

12. Hong, D.Y. Notes on taxonomy of Paeonia sect. Moutan DC. (Paeoniaceae). Acta Phytotaxon. Sin. 2005, 43, 169-177. [CrossRef]

13. Pan, K.Y. Paeonia. Flora of China. Beijing Sci. Press 1979, 27, 37.

14. Li, ]J. Studies on the Origin of Chinese Mudan (Tree Peony). J. Beijing For. Univ. 1998, 20, 22-26.

15. Cheng, FY. Advances in the Breeding of tree peonies and a Cultivar System for the Cultivar Group. International Journal of Plant
Breeding 2007, 2, 89-104.

16. Pei, Y.L. Preliminary study on the origin of cultivated peony. Northern Horticulture. 1996, 2, 55.

17.  Meng, L.; Zheng, G.S. Phylogenetic Relationship Analysis among Chinese Wild Species and Cultivars of Paeonia sect. Moutan
Using RAPD Markers. Sci. Silvae Sin. 2004, 40, 110-115.

18.  Hou, X.G.; Yin, W.L.; Li, ].].; Wang, H.F. Phylogenetic relationship of dwarf tree peony cultivars by AFLP analysis. |. Beijing For.
Univ. 2006, 28, 73-77.

19.  Yu, H.P. Development of simple sequence repeat (SSR) markers from Paeonia ostii and its unilization in genetic relationship
analysis. Beijing For. Univ. 2013, 164, 58-64.

20. Chou, H.; Tang, H. Interspecific Relationship among the Wild Species of Paeonia Sect. Moutan DC with ITS and matK Sequence.
Bull. Bot. Res. 2017, 37, 603-612. [CrossRef]

21. Lin, Q.; Zhou, Z.; Zhao, X.; Pan, K.; Hong, D. Interspecific Relationships among the Wild Species of Paeonia Sect.Moutan
DC.Based on DNA Sequences of Adh Gene Family. Acta Hortic. Sin. 2004, 31, 627-632. [CrossRef]

22.  Zhao, X.; Zhou, Z.Q.; Lin, Q.B.; Pan, K.Y,; Hong, D.Y. Molecular evidence for the interspecific relationships in Paeonia sect.
Moutan: PCR-RFLP and sequence analysis of glycerol-3-phosphate acyltransferase (GPAT) gene. Acta Phytotaxon. Sin. 2004, 42,
236-244.

23.  Yuan, T.; Wang, L.Y. Pollen Morphology of Several Tree Peony Wild Species and Discussion on Its Evolution and Taxonomy.
J. Beijing For. Univ. 1999, 21, 17-21.

24. Wang, L.Y. Atlas of Tree Peony Varieties in China; Beijing China For. Press: Beijing, China, 1997; pp. 150-200. ISBN 978-7-5038-1770-0.

25.  Zhao, L.Y. Cultivation and Appreciation of Tree Peony in China; Beijing Gold. Shield Press: Beijing, China, 2004; pp. 46-50; ISBN
7-5082-2880-4.

26. Wang, L.Y,; Yuan, T. Pictorial Record of Chinese Tree Peony Varieties: Continuation; Beijing China For. Press: Beijing, China, 2015;
pp- 129-131; ISBN 978-7-5038-7915-9.

27. Li,J.J.; Zhang, X.F.; Zhao, X.Q. Tree Peony of China; Beijing Encycl. China Press: Beijing, China, 2011; pp. 49-89; ISBN 978-7-5000-
8522-5.

28. Wang, L.Y. Observation on the morphological of flower bud differentiation of cultivars of tree peony and the analysis on the
formation of flower forms. Acta Hortic. Sin. 1986, 13, 203-208.

29. Hosoki, T.; Kimura, D.; Hasegawa, R.; Nagasako, T.; Nishimoto, K.; Ohta, K.; Sugiyama, M.; Haruki, K. Comparative study of
Chinese tree peony cultivars by random amplified polymorphic DNA (RAPD) analysis. Sci. Hortic. 1997, 70, 67-72. [CrossRef]

30. Yu, H. He Ze Tree Peony; Shandong Science and Technology Press: Shandong, China, 1980; pp. 15-50.

31. Bruun-Lund, S.; Clement, W.L.; Kjellberg, F; Rensted, N. First plastid phylogenomic study reveals potential cyto-nuclear
discordance in the evolutionary history of Ficus L. (Moraceae). Mol. Phylogenetics Evol. 2017, 109, 93—-104. [CrossRef]

32. Li H.,YiT;Gao, L;Ma,P; Zhang, T.; Yang, ].; Gitzendanner, M.A; Fritsch, PW.; Cai, J.; Luo, Y.; et al. Origin of angiosperms and
the puzzle of the Jurassic gap. Nat. Plants 2019, 5, 461-470. [CrossRef]

33. Wang, R; Liu, K.; Zhang, X.; Chen, W.; Qu, X,; Fan, S. Comparative Plastomes and Phylogenetic Analysis of Cleistogenes and
Closely Related Genera (Poaceae). Front. Plant Sci. 2021, 12, 638597. [CrossRef] [PubMed]

34. Zhang, S.-D.; Jin, J.-].; Chen, S.-Y.; Chase, M.W,; Soltis, D.E.; Li, H.-T.; Yang, ] -B.; Li, D.-Z.; Yi, T.-S. Diversification of Rosaceae

since the Late Cretaceous based on plastid phylogenomics. New Phytol. 2017, 214, 1355-1367. [CrossRef]


http://doi.org/10.1093/oxfordjournals.aob.a089193
http://doi.org/10.1038/s41438-020-0332-2
http://www.ncbi.nlm.nih.gov/pubmed/32637135
http://doi.org/10.1111/j.1756-1051.1999.tb01115.x
http://doi.org/10.17520/biods.2017129
http://doi.org/10.1007/s13580-018-0060-9
http://doi.org/10.1007/PL00013966
https://americanpeonysociety.org
http://doi.org/10.1360/aps040065
http://doi.org/10.7525/j.issn.1673\T1\textemdash 5102.2017.04.017
http://doi.org/10.16420/j.issn.0513-353x.2004.05.014
http://doi.org/10.1016/S0304-4238(97)00021-6
http://doi.org/10.1016/j.ympev.2016.12.031
http://doi.org/10.1038/s41477-019-0421-0
http://doi.org/10.3389/fpls.2021.638597
http://www.ncbi.nlm.nih.gov/pubmed/33841465
http://doi.org/10.1111/nph.14461

Genes 2022, 13, 2229 14 of 15

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

Khan, I.A.; Azim, M.K. Variations in intergenic spacer rpl20-rps12 of mango (Mangifera indica) chloroplast DNA: Implications for
cultivar identification and phylogenetic analysis. Plant Syst. Evol. 2011, 292, 249-255. [CrossRef]

Suzuki, J.Y.; Geib, S.M.; Carlsen, M.M.; Henriquez, C.L.; Amore, T.D.; Sim, S.B.; Matsumoto, T.K.; Keith, L.M.; Myers, R.Y.
Development of chloroplast single nucleotide polymorphisms (SNPs) as a tool towards interspecies typing of Anthurium
germplasm. Acta Horticulturae. 2017, 1167. [CrossRef]

Drouin, G.; Daoud, H.; Xia, J. Relative rates of synonymous substitutions in the mitochondrial, chloroplast and nuclear genomes
of seed plants. Mol. Phylogenetics Evol. 2008, 49, 827-831. [CrossRef]

Hu, S.Y. A cytological study of plastid inheritance in angiosperms. Acta Bot. Sin. 1997, 39, 363-371.

Zhang, Q.; Liu, Y.; Sodmergen. Examination of the Cytoplasmic DNA in Male Reproductive Cells to Determine the Potential for
Cytoplasmic Inheritance in 295 Angiosperm Species. Plant Cell Physiol. 2003, 44, 941-951. [CrossRef] [PubMed]

Zhou, S.-L.; Zou, X.-H.; Zhou, Z.-Q.; Liu, J.; Xu, C,; Yu, ].; Wang, Q.; Zhang, D.-M.; Wang, X.-Q.; Ge, S.; et al. Multiple species of
wild tree peonies gave rise to the ‘king of flowers’, Paeonia suffruticosa Andrews. Proc. R. Soc. B Biol. Sci. 2014, 281, 20141687.
[CrossRef] [PubMed]

Wu, L.; Nie, L.; Xu, Z; Li, P; Wang, Y.; He, C.; Song, ]J.; Yao, H. Comparative and Phylogenetic Analysis of the Complete
Chloroplast Genomes of Three Paeonia Section Moutan Species (Paeoniaceae). Front. Genet. 2020, 11, 980. [CrossRef] [PubMed]
Guo, L.; Guo, S; Xu, J.; He, L.; Carlson, J.E.; Hou, X. Phylogenetic analysis based on chloroplast genome uncover evolutionary
relationship of all the nine species and six cultivars of tree peony. Ind. Crop. Prod. 2020, 153, 112567. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Jin, J.-J.; Yu, W.-B.; Yang, J.-B.; Song, Y.; dePamphilis, C.W.; Yi, T.-S,; Li, D.-Z. GetOrganelle: A fast and versatile toolkit for accurate
de novo assembly of organelle genomes. Genome Biol. 2020, 21, 241. [CrossRef]

Wick, R.R.; Schultz, M.B.; Zobel, J.; Holt, K.E. Bandage: Interactive visualization of de novo genome assemblies. Bioinformatics
2015, 31, 3350-3352. [CrossRef]

Dierckxsens, N.; Mardulyn, P.; Smits, G. NOVOPlasty: De novo assembly of organelle genomes from whole genome data. Nucleic
Acids Res. 2017, 45, 18. [CrossRef]

Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647-1649. [CrossRef] [PubMed]

Qu, X.-J.; Moore, M].; Li, D.-Z.; Yi, T.-S. PGA: A software package for rapid, accurate, and flexible batch annotation of plastomes.
Plant Methods 2019, 15, 50. [CrossRef] [PubMed]

Zheng, S.; Poczai, P.; Hyvonen, J.; Tang, J.; Amiryousefi, A. Chloroplot: An Online Program for the Versatile Plotting of Organelle
Genomes. Front. Genet. 2020, 11, 576124. [CrossRef]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef] [PubMed]

Sharp, PM.; Li, W.-H. The codon adaptation index-a measure of directional synonymous codon usage bias, and its potential
applications. Nucleic Acids Res. 1987, 15, 1281-1295. [CrossRef]

Beier, S.; Thiel, T.; Miinch, T.; Scholz, U.; Mascher, M. MISA-web: A web server for microsatellite prediction. Bioinformatics 2017,
33, 2583-2585. [CrossRef]

Kurtz, S.; Choudhuri, J.V.; Ohlebusch, E.; Schleiermacher, C.; Stoye, J.; Giegerich, R. REPuter: The manifold applications of repeat
analysis on a genomic scale. Nucleic Acids Res. 2001, 29, 4633—-4642. [CrossRef]

Amiryousefi, A.; Hyvonen, J.; Poczai, P. IRscope: An online program to visualize the junction sites of chloroplast genomes.
Bioinformatics 2018, 34, 3030-3031. [CrossRef]

Brudno, M.; Malde, S.; Poliakov, A.; Do, C.B.; Couronne, O.; Dubchak, I.; Batzoglou, S. Glocal alignment: Finding rearrangements
during alignment. Bioinformatics 2003, 19, 54-62. [CrossRef]

Frazer, K.A.; Pachter, L.; Poliakov, A.; Rubin, E.M.; Dubchak, I. VISTA: Computational tools for comparative genomics. Nucleic
Acids Res. 2004, 32, 273-279. [CrossRef]

Mayor, C.; Brudno, M.; Schwartz, J.R.; Poliakov, A.; Rubin, E.M.; Frazer, K.A.; Pachter, L.S.; Dubchak, I. VISTA: Visualizing global
DNA sequence alignments of arbitrary length. Bioinformatics 2000, 16, 1046-1047. [CrossRef] [PubMed]

Katoh, K.; Kuma, K.-i.; Toh, H.; Miyata, T. MAFFT version 5: Improvement in accuracy of multiple sequence alignment. Nucleic
Acids Res. 2005, 33, 511-518. [CrossRef] [PubMed]

Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New Models
and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol. Evol. 2020, 37, 1530-1534. [CrossRef] [PubMed]
iPlant. Flora Reipublicae Popularis Sinicae. Available online: http://www.iplant.cn/frps (accessed on 9 May 2022).

Maddison, G.K.; Maddison, D.R. Mesquite: A Modular System for Evolutionary Analysis. 2004. Available online: http:
/ /mesquiteproject.org (accessed on 21 May 2022).

Xiang, Y.; Huang, C.-H.; Hu, Y.; Wen, J.; Li, S.; Yi, T.; Chen, H.; Xiang, J.; Ma, H. Evolution of Rosaceae Fruit Types Based on
Nuclear Phylogeny in the Context of Geological Times and Genome Duplication. Mol. Biol. Evol. 2017, 34, 262-281. [CrossRef]
[PubMed]


http://doi.org/10.1007/s00606-011-0424-4
http://doi.org/10.17660/ActaHortic.2017.1167.39
http://doi.org/10.1016/j.ympev.2008.09.009
http://doi.org/10.1093/pcp/pcg121
http://www.ncbi.nlm.nih.gov/pubmed/14519776
http://doi.org/10.1098/rspb.2014.1687
http://www.ncbi.nlm.nih.gov/pubmed/25377453
http://doi.org/10.3389/fgene.2020.00980
http://www.ncbi.nlm.nih.gov/pubmed/33193580
http://doi.org/10.1016/j.indcrop.2020.112567
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1186/s13059-020-02154-5
http://doi.org/10.1093/bioinformatics/btv383
http://doi.org/10.1093/nar/gkw955
http://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://doi.org/10.1186/s13007-019-0435-7
http://www.ncbi.nlm.nih.gov/pubmed/31139240
http://doi.org/10.3389/fgene.2020.576124
http://doi.org/10.1016/j.molp.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32585190
http://doi.org/10.1093/nar/15.3.1281
http://doi.org/10.1093/bioinformatics/btx198
http://doi.org/10.1093/nar/29.22.4633
http://doi.org/10.1093/bioinformatics/bty220
http://doi.org/10.1093/bioinformatics/btg1005
http://doi.org/10.1093/nar/gkh458
http://doi.org/10.1093/bioinformatics/16.11.1046
http://www.ncbi.nlm.nih.gov/pubmed/11159318
http://doi.org/10.1093/nar/gki198
http://www.ncbi.nlm.nih.gov/pubmed/15661851
http://doi.org/10.1093/molbev/msaa015
http://www.ncbi.nlm.nih.gov/pubmed/32011700
http://www.iplant.cn/frps
http://mesquiteproject.org
http://mesquiteproject.org
http://doi.org/10.1093/molbev/msw242
http://www.ncbi.nlm.nih.gov/pubmed/27856652

Genes 2022, 13,2229 150f 15

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.
82.

83.

Fennoy, S.L.; Bailey-serres, ]. Synonymous codon usage in Zea mays L. nuclear genes is varied by levels of C and G-ending codons.
Nucleic Acids Res. 1993, 21, 5294-5300. [CrossRef] [PubMed]

Ikemura, T. Codon usage and tRNA content in unicellular and multicellular organisms. Mol. Biol. Evol. 1985, 2, 13-34. [CrossRef]
[PubMed]

Wang, Z.; Wang, F. Biological Genome Evolution and Codon Usage; National Defense Industry Press: Beijing, China, 2014; pp. 19-51;
ISBN 978-7-118-09366-7.

Kaundun, S.S.; Matsumoto, S. Heterologous nuclear and chloroplast microsatellite amplification and variation in tea, Camellia
sinensis. Genome 2002, 45, 1041-1048. [CrossRef] [PubMed]

Palmer, J.D. CHAPTER 2—Plastid Chromosomes: Structure and Evolution. Mol. Biol. Plast. 1991, 7, 5-53. [CrossRef]

Han, X.Y.; Wang, L.S.; Shu, Q.Y; Liu, Z.A.; Xu, S.X,; Tetsumura, T. Molecular Characterization of Tree Peony Germplasm Using
Sequence-Related Amplified Polymorphism Markers. Biochem. Genet. 2008, 46, 162-179. [CrossRef]

Wang, L.Y. A Map of Tree Peony Cultivars in China; Beijing China For. Publ. House: Beijing, China, 1997; pp. 150-200. ISBN
978-7-5038-1770-0.

Yu, L.; He, L.X;; Li, ].J. Comparative Studies on Chromosome in Varieties of Paeonia rockii and Paeonia suff ruticosa. Acta Hortic.
Sin. 1997, 24, 79-83.

Han, X.; Wang, L.; Liu, Z.a.; Jan, D.R.; Shu, Q. Characterization of sequence-related amplified polymorphism markers analysis of
tree peony bud sports. Sci. Hortic. 2008, 115, 261-267. [CrossRef]

Jiang, Z.; Geng, X.; Zhu, Z.; Sheng, Q. Research Progress on Cross Breeding of Tree Peony. Mol. Plant Breed. 2021. Available online:
http:/ /kns.cnkinet/kems/detail /46.1068.5.20210527.1903.018.html (accessed on 17 October 2022).

Shi, Q. Study on Genetic Diversity of Chinese Traditional Cultivars of Tree Peony. Chin. Acad. For. 2012. Available online:
https:/ /kns.cnki.net/kcms/ detail / detail.aspx?FileName=1012423632. nh&DbName=CMFD2012 (accessed on 17 October 2022).
Wei, J.; Peng, Y.; Yang, L. Comparison of Floral Organ Morphology and Development of Single and Double Petaled Malus
halliana. Acta Bot. Boreal 2021, 41, 2072-2079. [CrossRef]

Jiang, S.; Yi, X.-W.; Xu, T.-L.; Yang, Y.; Yu, C.; Luo, L.; Cheng, T.-R.; Wang, J.; Zhang, Q.-X.; Pan, H.-T. Genetic analysis of petal
number in Rosa. Plant Sci. . 2021, 39, 142-151. [CrossRef]

Zhao, Y.-Q.; Liu, Q.-L. Research Advances in the Formation Mechanism and Genetic Characters of Double Flowers. Acta Bot.
Boreal 2009, 29, 0832-0841.

Zhu, G.; Li, J.; Ni, S.; Fan, Z.-Q.; Yin, H.-F; Li, X.; Zhou, X.-W. The potential role of B-function gene involved in floral development
for double flowers formation in Camellia changii Ye. Afr. ]. Biotechnol. 2011, 10, 16757-16762.

Lehmann, N.L.; Sattler, R. Floral Development and Homeosis in Actaea rubra (Ranunculaceae). Int. |. Plant Sci. 1994, 155, 658-671.
[CrossRef]

Zhao, H.-].; Zhang, W.-T. Floral type classification and genesis of Paeonia lactiflora. North. Hortic. 1999, 05, 26-27.

Gao, Z.; My, S.; Li, X,; Pan, H. The evolvement rule analysis of tree peony flower types using molecular mechanism of model
plants flower development. Adv. Ornam. Hortic. Res. China 2009, 2009, 129-133.

Irish, V. The ABC model of floral development. Curr. Biol. 2017, 27, 887-890. [CrossRef] [PubMed]

Wu, Y.Q. Screening of candidate genes regulating the anemone flower type and study of expression and regulation mechanism in
herbaceous peony (Paeonia lactiflora Pall). Yangzhou Univ. 2019, 10-15. Available online: https://kns.cnki.net/kems/detail / detail.
aspx?FileName=1020025126.nh&DbName=CDFD2020 (accessed on 17 October 2022).

Lin, Z.; Damaris, RN.; Shi, T,; Li, J.; Yang, P. Transcriptomic analysis identifies the key genes involved in stamen petaloid in lotus
(Nelumbo nucifera). BMIC Genom. 2018, 19, 554. [CrossRef] [PubMed]


http://doi.org/10.1093/nar/21.23.5294
http://www.ncbi.nlm.nih.gov/pubmed/8265340
http://doi.org/10.1093/oxfordjournals.molbev.a040335
http://www.ncbi.nlm.nih.gov/pubmed/3916708
http://doi.org/10.1139/g02-070
http://www.ncbi.nlm.nih.gov/pubmed/12502248
http://doi.org/10.1016/B978-0-12-715007-9.50009-8
http://doi.org/10.1007/s10528-007-9140-8
http://doi.org/10.1016/j.scienta.2007.09.003
http://kns.cnki.net/kcms/detail/46.1068.s.20210527.1903.018.html
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=1012423632.nh&DbName=CMFD2012
http://doi.org/10.7606/j.issn.1000-4025.2021.12.2072
http://doi.org/10.11913/PSJ.2095-0837.2021.20142
http://doi.org/10.1086/297205
http://doi.org/10.1016/j.cub.2017.03.045
http://www.ncbi.nlm.nih.gov/pubmed/28898659
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=1020025126.nh&DbName=CDFD2020
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=1020025126.nh&DbName=CDFD2020
http://doi.org/10.1186/s12864-018-4950-0
http://www.ncbi.nlm.nih.gov/pubmed/30053802

	Introduction 
	Materials and Methods 
	Species of Paeoniaceae and Cultivars Represented by 10 Flower Types 
	Sampling, DNA Extraction and Sequencing 
	Assembly and Annotation of Chloroplast Genomes 
	Structure, Comparison and Phylogenetic Analysis of Chloroplast Genomes 
	Reconstruction of Ancestral Characteristics for Flower Architecture 

	Results 
	Basic Characteristics of the Chloroplast Genome of 10 Tree Peony Flower Types 
	Phylogenetic Analysis of the Chloroplast Genomes of 15 Paeoniaceae Species and 10 Tree Peony Flower Types 
	Reconstruction of Evolutionary Trajectory of Flower Characteristics of Paeoniaceae 

	Discussion 
	References

