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Abstract: Euonymus maackii Rupr. is a small deciduous tree belonging to family Celastraceae. It is
an important ornamental tree and a potential medicinal plant resource. Here, we assembled and
annotated the chloroplast (cp) genome of E. maackii. By combining this genome with seven available
cp genomes from Euonymus species, we performed plastome variation analysis of E. maackii and
Euonymus. Furthermore, we reconstructed a phylogenetic tree and estimated the differentiation
time of E. maackii. The newly assembled cp genome of E. maackii was 157,551 bp in size and had a
typical quadripartite structure, which consisted of one large single-copy (LSC 86,524 bp) region, one
small single-copy (SSC 18,337 bp) region, and a pair of inverted repeat regions (26,345 bp). A total
of 652 single nucleotide polymorphisms (SNPs) and 65 insertions/deletions (indels) were detected
between the two cp genomes of E. maackii, with overall genetic variation of 4.1 SNPs per kb or a
π value of 0.00443, reflecting a high level of intraspecific variation. Some coding and noncoding
regions with higher variation were identified, including trnV-UAC, petN, ycf1-ndhF, trnM-CAU-atpE,
rpl2-rpl23, psbZ-trnG-GCC, trnY-GUA-trnE-UUC, trnW-CCA-trnP-UGG, rps16-trnQ-UUG, and psbC-trnS-UGA.
The hypervariable coding and noncoding regions in E. maackii were not the same as those in Euonymus.
The phylogenetic tree and divergence time based on the whole cp genomes showed that the seven
Euonymus species formed a clade, which was sister to that formed with Catha edulis and Maytenus
guangxiensis, and they separated 24.74 million years ago. E. maackii and E. hamiltonianus were most
closely related, having separated from each other only approximately 2.68 million years ago. Our
study provides important genetic information for further studies of E. maackii, such as studies on
its phylogeography, population genetics and molecular ecology, and provides new insights into the
evolution of the cp genome in Euonymus.

Keywords: Euonymus maackii; intraspecific variation; chloroplast genome; phylogenetic tree; diver-
gence time

1. Introduction

Euonymus maackii Rupr. (synonym: Euonymus bungeanus) is a small deciduous tree
belonging to the family Celastraceae. It is native to northern China and has the charac-
teristics of cold resistance, drought resistance, salt and alkali resistance, few diseases and
insect pests, and strong germination [1,2]; therefore, it is widely distributed in most areas
from Heilongjiang Province to the Yangtze River Basin and further extends to a wider area,
including the Ussuri Region, southern Siberia, and the Korean Peninsula [3]. E. maackii
has a beautiful shape due to its long and soft branches with curved drooping. In addition,
in autumn, its leaves turn red, and its dehiscent fruit turns orange; therefore, it has high
ornamental value and has been cultivated as a horticultural tree for more than 20 years in
China [2,4,5].

Furthermore, a series of cultivars of E. maackii with colorful leaves have been obtained
through artificial cultivation. In addition to the common characteristics of E. maackii,
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these cultivars also have excellent ornamental characteristics, such as gold leaves, gold
branches, and red branches. The planting of these outstanding cultivars has widened in
scope [6]. E. maackii plants are also a potential medicinal plant resource. The evonine
and polysaccharides extracted from the seeds have antitumor activity [7,8], and dihydro-
β-agarofuran-type sesquiterpenes purified from the seeds significantly increases the cell
viability of Aβ 25−35-treated SH-SY5Y cells, with effects similar to those of epigallocatechin
gallate [9]. In addition, the seed oil could be used as a nonedible feedstock for biodiesel [3].

Chloroplasts are semiautonomous organelles in plant cells. They have their own
genome, which mainly encodes genes related to photosynthesis, transcription and trans-
lation, as well as some tRNA and rRNA genes and a few genes with other biological
functions [10]. The chloroplast (cp) genome of most angiosperms (including E. maackii)
is maternally inherited, and thus only genetic information from the female parent can be
transmitted to the offspring [11]. It is precisely because of the uniparental inheritance of
the cp genome that its DNA generally does not recombine.

In addition, it has relatively high genetic variation; therefore, it is often employed to
infer the genetic relationships of species, estimate their differentiation time [12–15], and
sometimes identify germplasm [16]. For example, Zeb et al. compared the cp genomes
of twenty-four Pinus species and identified a total of thirteen divergent hotspot regions.
Moreover, the study revealed phylogenetic relationships and molecular dating informa-
tion [17]. Kim et al. compared five complete Vaccinium cp genomes to identify regions that
can be used to distinguish them [18].

Other studies detected cp genome variation within species to investigate the origin
of cultivated varieties, estimate genetic diversity, infer population history [19–21], etc. For
example, Chen et al., based on cp genome variation, determined the phylogenetic position
of Manokami larch within the Japanese larch group, detected intraspecific variation, and
determined candidate cpDNA markers [22]. Feng et al. calculated the genetic polymor-
phism of cp genomes in wild and cultivated rubber trees. Wild rubber trees possessed more
variable sites and ~2.8-fold higher levels of nucleotide variation compared with cultivated
rubber trees [23].

Different structural regions of cp genomes significantly vary in their genetic diversity.
Even within the same coding region or noncoding region, polymorphisms differ among
plant groups [24]. In this study, by comparing two cp genomes of E. maackii, relatively
highly variable regions were detected, which provided genetic information for research
on genetic diversity, population history, and variety identification at the species level. In
addition, the phylogenetic tree of Euonymus was reconstructed based on entire cp genomes,
and the divergence times of the species were estimated.

2. Materials and Methods
2.1. Material Collection and Whole-Genome Sequencing

Fresh leaves of E. maackii were collected from Henan Agricultural University (34◦47′7” N,
113◦39′35” E), Zhengzhou city, China. The leaf samples were dried with silica gel and
stored at −20 ◦C until DNA extraction. The specimen was deposited in the Herbarium of
Henan Agricultural University (EUPEUM202001). The total genomic DNA was extracted
from the dried leaves using the modified cetyl trimethyl ammonium bromide (CTAB)
method [25]. The purified DNA was then fragmented and used to construct short-insert
libraries (~270 bp), which were then sequenced via the Illumina HiSeq double terminal
sequencing method.

2.2. De novo Assembly and Annotation

After the raw data were filtered to remove reads with low sequencing quality values,
all remaining sequences were assembled into circular genomes by NOVOPlasty-v2.7.2
using the cp genome of Euonymus szechuanensis as a reference [26]. GapCloser-1.12 was
employed to extend sequences and fill gaps [27]. Annotations and adjustment of the
genes were conducted using the program Geneious Prime against the reference genome
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(https://chlorobox.mpimp-golm.mpg.de/geseq.html, accessed on 16 March 2021) [28].
Finally, a circular map of the cp genome was drawn using OGDRAW 1.3.1 (http://ogdraw.
mpimp-golm.mpg.de, accessed on 16 March 2021). The newly assembled cp genome was
deposited in GenBank under accession number MW771518 (https://www.ncbi.nlm.nih.
gov/nuccore/MW771518.1/, accessed on 18 March 2021).

2.3. Comparative Analysis

We downloaded the cp genomes of seven species of Euonymus from the NCBI, in-
cluding the cp genome of another E. maackii individual. First, we compared the two sets
of cp genomes in Geneious Prime. One set contained two cp genomes of E. maackii, one
newly assembled and another downloaded from the NCBI. The other set included the
newly assembled cp genome and those of six other Euonymus species (E. hamiltonianus, E.
phellomanus, E. fortunei, E. japonicus, E. szechuanensis, and E. schensianus) downloaded from
the NCBI. Subsequently, DnaSP 5 was used to estimate the genetic diversity (π) of the entire
cp genome, four regions (large single-copy (LSC), small single-copy (SSC), inverted repeat
a (IRa) and IRb), all coding regions and all noncoding regions. In addition, the indels were
counted, and their distribution patterns were analyzed in two sets of cp genomes.

2.4. Phylogenetic Analysis and Differentiation Time Estimation

To detect the origin and differentiation of E. maackii, we constructed phylogenetic
trees of 11 species based on entire cp genomes, including the newly assembled cp genome
and those of 10 other species downloaded from the NCBI. Seven of the eleven species
belong to the genus Euonymus, and the other four were Catha edulis, Maytenus guangxiensis,
Monimopetalum chinense, and Parnassia trinervis in Celastraceae. The complete cp genomes of
the 11 species were aligned by MAFFT in Geneious Prime [28], and then phylogenetic trees
were constructed by the maximum likelihood (ML) and Bayesian inference (BI) methods
based on their cp genome sequences using the four species outside the genus Euonymus as
the outgroup.

ML analyses were performed using RAxML-HPC BlackBox v.8.2.10 with the GTR+G
model and 1000 bootstrap replicates on the CIPRES Science Gateway website (https://
www.phylo.org/ accessed on 1 February 2022) [29,30]. BI was performed with MrBayes
3.2.6 [31] with the following settings: Markov chain Monte Carlo (MCMC) simulations for
1,000,000 generations with four incrementally heated chains, starting from random trees
and sampling one out of every 1000 generations. The first 25% of the trees were regarded
as burn-in. The ML tree and BI tree were visualized using FigTree 1.4.3 [32].

In this study, the calibration time was obtained from the TimeTree database as a nor-
mal prior to restrain the age of the nodes, such as 79 Ma for the root of the Celastraceae
crown, 53 Ma between Euonymus and Parnassia, and 2.5 Ma between Catha and Couma
(http://www.timetree.org/ accessed on 1 February 2022). Molecular clock dating was per-
formed using BEAST with the GTR+G substitution model, along with a relaxed lognormal
molecular clock model. MCMC analyses were run for 1× 107 generations with a sampling
frequency of 1000 combined after a 10% burn-in.

3. Results
3.1. Characterization of Plastome Features

The cp genome assembled (E. maackii 1) in this study was 157,551 bp in length and had
a typical quadripartite structure, which consisted of one LSC region (86,525 bp), one SSC
(region 18,337 bp), and a pair of IR regions (26,345 bp) (Figure 1). Compared with another
previously reported cp genome (E. maackii 2), E. maackii 1 was 691 bp longer (Table 1). The
size variation was largely due to the increase in LSC length, with that of E. maackii 1 being
699 bp longer than that of E. maackii 2. The GC contents of the two cp genomes were similar,
at 37.2% and 37.3%.

https://chlorobox.mpimp-golm.mpg.de/geseq.html
http://ogdraw.mpimp-golm.mpg.de
http://ogdraw.mpimp-golm.mpg.de
https://www.ncbi.nlm.nih.gov/nuccore/MW771518.1/
https://www.ncbi.nlm.nih.gov/nuccore/MW771518.1/
https://www.phylo.org/
https://www.phylo.org/
http://www.timetree.org/
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Figure 1. Map of the chloroplast genome of Euonymus maackii Rupr.

Table 1. Comparison of the chloroplast genome features of Euonymus species.

Euonymus
maackii 1

Euonymus
maackii 2

Euonymus
japonicus

Euonymus
schensianus

Euonymus
hamiltonianus

Euonymus
szechuanensis

Euonymus
phellomanus

Euonymus
fortunei

Accession number MW771518 MW288091 NC_028067 NC_036019 NC_037518 NC_047463.1 MW288092 MW288090
Total plastome size

(bp) 157,551 156,860 157,637 157,702 157,360 157,465 157,543 157,611

LSC (bp) 86,525 85,826 85,941 86,026 86,399 86,261 86,299 85,892
IR (bp) 26,345 26,328 26,678 26,484 26,322 26,366 26,354 26,700

SSC (bp) 18,337 18,378 18,340 18,708 18,317 18,472 18,536 18,319
Total number of

genes 131 131 130 130 131 133 130 130
CDSs 86 86 85 85 86 88 85 85

tRNAs 37 37 37 37 37 37 37 37
rRNAs 8 8 8 8 8 8 8 8

GC content (%) 37.2 37.3 37.3 37.2 37.3 37.2 37.3 37.3

Similar to E. maackii 2, the newly assembled cp genome encoded a total of 131 genes,
including 86 protein-coding genes, 37 tRNA genes, and eight rRNA genes (Table 2). Among
these genes, seven protein-coding genes, six tRNA genes, and four rRNA genes were
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duplicated in the IR regions. In addition, seventeen genes contained introns, fourteen of
which had a single intron, and the other three genes (ycf3, rps12, and clpP3) had two introns
(Table 2).

Table 2. Genes in the chloroplast genomes of the two Euonymus maackii Rupr. species.

Category of Genes Group of Genes Names of Genes

Photosynthesis-related genes

photosystem I
psaA psaB psaC psaI psaJ

ycf3 ** ycf4

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

NADPH
dehydrogenase

ndhA * ndhB * ndhC ndhD ndhE
ndhF ndhG ndhH ndhl ndhJ
ndhK

ATP synthase atpA atpB atpE atpF * atpH
atpI

Rubisco rbcL

cytochrome b/f
complex

petA petB * petD* petG petL
petN

cytochrome c
synthesis ccsA

Transcription- and
translation-related genes

ribosomal proteins

rpl2 * rpl14 rpl16 * rpl20 rpl22
rpl23 rpl32 rpl33 rpl36 rps2
rps3 rps4 rps7 rps8 rps11

rps12 ** rps14 rpsl5 rpsl6 rps18
rps19

transcription rpoA rpoB rpoC1* rpoC2

translation
initiation factor infA

RNA genes
transfer RNA

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

ribosomal RNA rrn4.5 rrn5 rrn16 rrn23

Other genes

RNA processing matK

fatty acid synthesis accD

carbon metabolism cemA

proteolysis clpP **

Genes of unknown function conserved reading
frames ycf1 ycf2

* Gene containing a single intron, ** Gene containing two introns.

3.2. Sequence Variation

A total of 652 SNPs were detected between the two cp genomes of E. maackii, with
overall genetic variation of 4.1 SNPs per kb or a π value of 0.00443, which is one-half of the
plastome diversity (0.00887) of Euonymus (Table 3). The IR region in the E. maackii plastomes
was very conserved, and its genetic diversity was only 0.00086, which was 0.15 times that
of the LSC region and 0.09 times that of the SSC region.
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Table 3. The nucleotide diversity (π) of different chloroplast genome regions in Euonymus maackii
Rupr. And Euonymus.

Group Genome
Structural Region

Noncoding Region Coding Region
LSC IRa SSC

Euonymus maackii 0.00443 0.00562 0.00086 0.00914 0.00607 0.00299

Euonymus 0.00887 0.01131 0.00379 0.01139 0.01149 0.00619

The π value of the IR region was 0.00379 in the genus Euonymus, which was 0.34 times
that of the LSC region and 0.33 times that of the SSC region. The genetic diversity in non-
coding regions was significantly higher than that in coding regions both at the species level
and in the genus Euonymus, and the ratios of polymorphisms between the noncoding region
and the coding region were similar, with that of the former being 2.03 (0.00607/0.00299)
and that of the latter being 1.86 (0.01149/0.00619).

Among the 652 SNPs, 102 were distributed in 57 coding regions (exons) across the
cp genome of E. maackii. The genetic diversity (π value) of these coding regions ranged
from 0.00036 to 0.02703, with an average of 0.00438 (Figure 2). The coding region with
the highest genetic diversity was trnV-UAC, with a π value of 0.02703, followed by petN,
with π = 0.01111, and the other eight coding regions in the top ten in terms of genetic
polymorphisms were psaI, ycf1, psaJ, rpsl5, rps2, rpoC1, ndhE, and ycf3. Their genetic
diversity was greater than or equal to 0.00654 (Table S1, Figure 2).
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Figure 2. The nucleotide diversity (π) of coding regions between two Euonymus maackii Rupr. indi-
viduals.

However, the hypervariable regions in Euonymus were very different from those in
E. maackii. Only ycf1 and trnV-UAC were shared by the two groups, while the other eight
hypervariable genes were different (Table S1, Figures 2 and 3). In Euonymus, the coding
region with the highest genetic diversity was ycf1, which had a π value of 0.02074, and the
other nine highly variable coding regions had a genetic diversity that varied from 0.01253
to 0.01727 (Table S1, Figure 3).

Among the 652 SNPs, 450 were located in 96 noncoding regions (introns and intergenic
regions) in the E. maackii plastome. The nucleotide diversity (π value) of the noncoding
regions ranged from 0.00105 to 0.14286, with an average of 0.01274 (Figure 4). Fifteen
noncoding regions with high genetic diversity were identified: ycf1-ndhF was the most
diverse, with a π value of 0.14286, followed by trnM-CAU-atpE, with a π value of 0.09375.
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Figure 3. The nucleotide diversity (π) of coding regions among the seven Euonymus species.
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Figure 4. Nucleotide diversity (π) of noncoding regions between two Euonymus maackii Rupr. indi-
viduals.

Among the top ten genetic polymorphisms were rpl2-rpl23, psbZ-trnG-GCC, trnY-GUA-
trnE-UUC, trnW-CCA-trnP-UGG, rps16-trnQ-UUG, psbC-trnS-UGA, ccsA-ndhD, and trnD-GUC-
trnY-GUA (Table S2). Seven of fifteen highly variable regions in E. maackii were found to be
highly variable in Euonymus: trnM-CAU-atpE, psbZ-trnG-GCC, trnY-GUA-trnE-UUC, trnW-CCA-
trnP-UGG, ccsA-ndhD, trnH-GUG-psbA, and ndhC-trnV-UAC. The remaining eight highly
variable regions in E. maackii were different from those in the genus Euonymus (Table S2).
Within Euonymus, the 15 noncoding regions with the highest polymorphism were all
intergenic regions, and their genetic diversity ranged from 0.02859 to 0.07804, with an
average of 0.02364, which was significantly higher than the average in E. maackii (Table S2,
Figure 5).
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In addition to nucleotide mutations, insertions/deletions (indels) are another common
type of genetic variation in cp genomes. Sixty-five indels were detected in the two cp
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genomes of E. maackii, with a total indel density of 0.41 per kb. Fifty-seven of these indels
occurred in noncoding regions, and the remaining eight indels were located in coding
regions. The vast majority (58 indels, 89.2%) of the indels were in the LSC region, with a
density of 0.67 per kb. Three (4.6%) were in the IR region, and four (6.2%) were in the SSC
region, with densities of 0.11 per kb and 0.27 per kb, respectively.

Among these indels, 11 were 1 bp long, two were 2 bp long, three were 3 bp long,
and all of the others were 4 or more bp long. The longest indel occurred in the noncoding
region trnS-GCU-trnG-UCC with a difference of 101 bp, followed by an indel of 68 bp in
rps11-rpl36. In the coding regions, the longest indels appeared in two genes, rpoC2 and
YCF1, both of which had an indel of 21 bp. The bp numbers of the indels were multiples of
three, which did not cause a change in the subsequent reading frame.

3.3. Phylogenetic Relationships and Divergence Time Estimation

The ML and BI phylogenetic trees constructed based on the whole cp genomes had the
same topological structure. Phylogenetic trees and divergence time estimation showed that
seven species of the genus Euonymus formed a single clade (Euonymus clade), which was
sister to that formed with C. edulis and M. guangxiensis, and they separated 24.74 million
years ago (Figures 6 and 7). In the Euonymus clade, E. hamiltonianus, E. maackii and E.
phellomanus formed one subclade (I); the other four species, E. fortunei, E. japonicas, E.
szechuanensis, and E. schensianus, clustered into another subclade (II); and the two subclades
diverged approximately 14.42 million years ago.
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Figure 6. Phylogenetic tree based on the whole plastome. The numbers to the left of the slashes on
the branches show the bootstrap values obtained by maximum likelihood analysis, and those on the
right show the posterior probabilities according to Bayesian inference.
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In subclade I, E. phellomanus was the first to diverge, splitting from the other two
species 12.22 million years ago. E. maackii and E. hamiltonianus were the most closely
related, having separated from each other only approximately 2.68 million years ago.
In subclade II, E. fortunei and E. japonicas were the latest diverging species in the genus
Euonymus, splitting approximately 0.24 million years ago. They clustered on a branch sister
to that formed with E. szechuanensis and E. schensianus. The phylogenetic trees reconstructed
here exhibited a high level of support, with a 100% bootstrap value and 1 as the posterior
probability for each node, indicating that the phylogenetic relationships revealed in this
study were reliable.

4. Discussion

The size of the newly assembled cp genome of E. maackii is consistent with that of
other species in the genus Euonymus. In previous studies, E. schensianus had the largest cp
genome (157,702 bp) in Euonymus, while E. hamiltonianus had the smallest (157,360 bp), and
the newly assembled genome was 157,551 bp, which is approximately the median size of
these cp genomes [33]. In addition, the new cp genome is similar to the plastomes of others
in terms of gene content, order, and orientation. At the same time, our results revealed that
there was a high level of cp genome variation in E. maackii. The two main types of variation
were nucleotide mutations and indels.

4.1. Intraspecific Nucleotide Mutations and Highly Variable Regions

In most species, nucleotide mutations are a common type of DNA variation in the
cp genome [34,35]. There were abundant nucleotide mutations (652 SNPs) in the cp
genome of E. maackii, and thus it had a high level of genetic polymorphism, with an overall
genetic variation of 4.1 SNPs per kb or a π value of 0.00443. This level of intraspecific
sequence variation is smaller than that observed in a few plant species, such as Selaginella
tamariscina (1.213 SNPs, 9.6 SNPs per kb) [21], Goodyera achlechtendaliana (740 SNPs, 4.8 SNPs
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per kb) [21] and Hevea brasiliensis (725 SNPs, 4.5 SNPs per kb) [23] but larger than those of
most other plant species.

For example, Macadamia integrifolia is a tree nut crop in Australia, and 407 SNPs were
identified across its cp genomes, for an average intraspecific SNP density of 3.8 per kb [19].
A set of 298 SNPs were detected in the cp genome of Brachypodium distachyon, a gramineous
weed, and its SNP density was only 2.2 per kb [36]. A total of 258 and 139 SNPs were found
in Agrimonia pilosa and Tagetes erecta, with 1.7 and 0.91 SNP densities, respectively [37,38].
In other species, such as Chenopodium album, Dioscorea polystachya, and Ricinus communis, the
level of nucleotide variation in the cp genome was even lower [34,35,39]. We hypothesized
that the wide distribution range and complex and diverse habitats of E. maackii might be
the reasons for the high polymorphism rate in its cp genome because these factors promote
the accumulation of genetic variation to ensure adaptability to diverse environments [3].

The genetic diversity in the intergenic regions of the cp genome of E. maackii was
significantly higher than that in the coding regions, and these noncoding regions contained
more variation, which could provide more genetic information. In this study, a set of highly
variable intergenic regions were screened according to the levels of genetic diversity, and
these regions also showed high variation in other species. For example, Su et al. identified
four highly variable regions, including rpl32-trnL-UAG and ccsA-ndhD, in the cp genomes of
seventeen Aegilops tauschii individuals [24]. Park et al. detected rpl32-trnL-UAG, ycf1-ndhF
and trnH-GUG-psbA as highly variable sites in C. album plastomes, and Mikhaylova et al.
found that trnH-GUG-psbA, ndhC-trnV-UAC, and psbE-petL were highly variable sites in the
cp genome of Silene latifolia [40].

Silva et al. also reported that trnH-GUG-psbA, rps16-trnQ-UUG, trnD-GUC-trnY-GUA

and ndhF-rpl32 showed markedly higher π values in Utricularia amethystina [41]. These
highly variable fragments can be selected as powerful molecular markers for studies on
phylogeography, population history, and molecular ecology. For example, Wei and Zhang
employed three cp hypervariable regions to reveal that the split of the mainland and island
lineages of Lemmaphyllum rostratum and L. carnosum var. microphyllum may have resulted
from ancestral isolation whereby land bridges acted as a “barrier” rather than as a “corridor”
between them [42].

Our research showed that the genetic diversity of the cp genome of E. maackii was
significantly lower than that of the genus Euonymus, and the hypervariable coding and
noncoding regions in E. maackii were also not completely consistent with those in Euonymus.
For example, 8 of the 15 coding regions with the highest variation were different from each
other in the genus Euonymus and E. maackii. This result suggests that we should not only
rely on comparisons among species within a genus but also carry out a comparative analysis
of cp genomes among individuals within the species when selecting highly variable regions
suitable for the species.

4.2. Intraspecific Indels and Their Distribution Patterns

In this study, 65 indels were detected in the cp genome of E. maackii, and its indel den-
sity was 0.41 per kb, which was higher than that in most other species, such as Chenopodium
album [34], D. polystachya [39], Viburnum erosum [43], Fagus multinervis [44], and Suaeda
japonica [45], but lower than that in Marchantia polymorpha and R. communis [35,46]. Among
the species reported, M. polymorpha had the most abundant indels, and the cp genome of
its Polish isolate contained 660 indels (indel density = 5.49 per kb) relative to the reference
genome.

In Quercus acutissima, 255 indels were scattered across 67 regions (1.6 per kb) of its cp
genomes [47]. In R. communis, 92 indels were uncovered across the plastomes, with an indel
density of 0.56 per kb, and the variation level was also higher than that in E. maackii. How-
ever, a low level of indel density has been found in many other species. In total, 57 indels
were detected in two Zoysia matrella cp genomes [48], and 49, 43, and 26 indels were identi-
fied in the V. erosum, D. polystachya, and C. album cp genomes, respectively [34,39,43]. Only
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two indels each were identified in S. japonica and F. multinervis, indicating a low level of
intraspecific variation [45,46].

Although the number of indels in cp genomes varied widely among species, the
distribution of these indels showed a similar pattern, with most indels occurring in the LSC
region and a smaller number in the SSC and IR regions. Our study revealed that 89.2% of
indels were distributed in the LSC region of the E. maackii plastome, while only 6.2% and
4.6% of indels were distributed in the SSC and IR regions, respectively. In addition, the
genetic diversity of the IR region was only 0.00086, which was 0.15 times that of the LSC
region and 0.09 times that of the SSC region. Similar results were also found in C. album;
most of the indels (61.2%) also appeared in the LSC region, and only a small number of
indels appeared in the SSC (19.2%) and IR (19.6%) regions [34]. This distribution pattern of
DNA variation suggests that IR regions are more evolutionarily conserved than LSC and
SSC regions.

In summary, although only two individuals were used to evaluate cp genome variation
in E. maackii in our study, these results can represent the overall trend of genetic variation
in the species. In future studies, more groups and more samples should be used for
comparative analysis to confirm these results.

4.3. Phylogenetic Relationships and Molecular Dating

In this study, we constructed a highly reliable phylogenetic tree based on the whole cp
genome. Our results are in line with those from some previous studies [49]. For example,
according to the characteristics of leaf epidermal cells, Zheng et al. clustered E. maackii, E.
hamiltonianus, and E. phellomanus in Sect. Euonymus, which was equivalent to subclade I
in our study. E. fortunei has epidermal cell characteristics similar to those of E. japonicas,
both of which belong to Sect. Ilicilolia. Similarly, our results showed that E. fortunei and E.
japonicas were the most recently diverging species in the genus Euonymus [49].

However, other studies have obtained results inconsistent with ours. In our study, E.
maackii was in one subclade, and E. japonicus and E. schensianus were in another subclade,
but a numerical taxonomic analysis indicated that E. maackii and E. schensianus were merged
into one group, and E. japonicus belonged to a different group [50]. In addition, our study
showed that E. fortune and E. hamiltonianus belonged to different clades, but Yao et al.
clustered them on one branch in a study based on floral features [51].

5. Conclusions

We assembled the complete cp genome of E. maackii and analyzed intraspecific and
interspecific cp genome variation. A high level of intraspecific variation was detected in
E. maackii, and hypervariable coding and noncoding regions were identified in E. maackii
and the genus Euonymus, respectively. A phylogeny based on the whole cp genomes
revealed that all Euonymus species formed one clade, which separated from C. edulis and
M. guangxiensis 24.74 million years ago, and E. maackii split from its related species only
approximately 2.68 million years ago.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Euonymus.
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