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Abstract: Cerasus Campanulata is one of several species belonging to the Pru-
noideae focke, a subfamily of the flowering plant Rosaceae. We investigated
the details of its chloroplast genome which may reveal its genus independent
of morphological determination. Here, we determined the complete chloroplast
(cp) genome sequence of C. campanulata and performed sequence analysis to
reveal the presence of 18 forward repeats, 20 palindrome repeats, 2 complement
repeats, 4 reverse repeats and 93 simple sequence repeats (SSRs). We additionally
performed a comparative study of C. campanulata and seven other Prunoideae
focke species. Then, maximum parsimony (MP) and maximum likelihood (ML)
phylogenetic analyses were carried out in the little part of Rosaceae, respectively.
The results strongly support a position of C. campanulata as a member of the Cer-
asus in the Rosaceae family. Moreover, the complete cp genome can be used for
plant phylogenetic and evolutionary studies that will provide insight into the
degree of gene conservation.
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phylogenetic analysis

1 Introduction

Cerasus campanulata (Maxim.) A. N. Vassiljeva is a cultivated tree species that is a member of the
Cerasus, Prunoideae focke, Rosaceae family. C. campanulata is widely grown as an ornamental tree,
while in some areas it is also cultivated for its fruit. C. campanulata thrives best in a luminous and warm
environment, has resistance to high temperature, yet grows preferentially at temperatures from 15°C to
28°C. It originated from secondary broad-leaved forests from the north to north-east part of China, and is
widely distributed in Fujian, Guangdong, Guangxi, Jiangxi, Taiwan and in some provinces within
Vietnam and Japan. Because of its decorative flowers, some cities or schools have used it as an avenue
tree [1]. Individual plants of C. campanulata grow either as shrubs or trees, depending on environmental
conditions, standing 3 to 8 m tall. Its bark is blackish brown, while its branches are grayish brown to
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purplish brown. Its winters buds are ovoid and glabrous, the stipules caducous. The flower petiole is 0.8—1.3
centimeter long and has an apex containing 2 nectaries. The leaf blade may be ovate, ovate-elliptic, or
obovate-elliptic in shape; on the abaxial side it is either pale green and glabrous or possesses tufts of
hairs in vein axils, while on the adaxial side it is green and glabrous. The leaf has a rounded base, a
usually somewhat irregular, serrate margin and an acuminate apex. Its inflorescences are umbellate,
precede leaf buds in opening and contain 2—4 flowers with pink petals that darken towards the apex. The
flowers contain 39-41 stamens and have a glabrous style that is usually longer than the stamens.
C. campanulate grows well in loose red and yellow soil, yet poorly in arid barren hills. It is primarily
distributed over low altitude areas, possesses a strong adaptability and antipollution effect. China has a
large number of wild Cerasus species, such as Cerasus serrulate var.sontanea, Cerasus maximowiczii,
Cerasus subhirtella var.ascensens, Cerasus cerasoides, Cerasus craetaegifolia, Cerasus setulosa, Cerasus
yedoensis, Cerasus subhirtella var.pendula etc. However, as opposed to the body of research on Cerasus
existing in Japan, the phylogenetic and evolutionary relationship among the undomesticated species
widely distributed in China is unclear, making it difficult to perform taxonomic determination and
breeding activities. Therefore, to proceed with breeding, it is crucial to study their taxonomy, which can
be done based on chloroplast sequence information.

The chloroplast is a plant-specific circular molecule, with a size of 120—160 kb in most higher plants,
that has its own mechanism for genetic replication. It contains the entire machinery necessary for the
process of photosynthesis and also participates in the biosynthesis of amino acids, nucleotides, lipids and
starch [2]. In addition to sustaining life by providing oxygen, reacting and responding to signaling as a
metabolic center [3,4], chloroplasts can also be used as a tool to confer valuable agronomic traits and
serve as bioreactors for the production of industrial enzymes, biopharmaceuticals, bioproducts, or
vaccines [5]. The angiosperm chloroplast genome contains 2 copies of inverted repeats (IRs), separating
the large single copy region (LSC) and the small single copy region (SSC) [6]. The gene content of the
angiosperm chloroplast genome is highly conserved between species. Because of its slow evolutionary
rate, it is convenient enough to perform comparative studies of the chloroplast genome across different
species and molecular phylogeny studies. It provides a new way to resolving evolutionary relationships
between plants which have variation in their sequence or structure. As a result, it serves to improve our
understanding of plant biology and diversity [7].

The chloroplast genome sequence of C. campanulata has been published without an accompanying
detailed analysis [8]. Its codon preference, repeat structure and differences to other Prunoideae species
remain undetermined. We found that a disagreement exists on how C. campanulata should be classified,
as a Prunus or Cerasus species. Based on a morphological approach, it was described as a Cerasus
species in the book “Flora reipublicae popularis subucae.” We initially followed the conclusion taken in
this book and classified C. campanulata as a Cerasus. We then reanalysed the sequence of the
C. campanulata chloroplast genome in attempt to determine its actual phylogenetic position of
C. campanulata. The results strongly support a position of C. campanulata as a member of the
Cerasus in the Rosaceae family.

2 Materials and Methods

2.1 Genome Annotation and Codon Usage

The data of the chloroplast sequence of C. campanuata could be downloaded from the NCBI database
(BanklIt2081270 Cerasus M(G827394) and it was annotated using DOGMA [9], available online (http://
dogma.ccbb.utexas.edu/). ApE, a freely software (available online: https://jorgensen.biology.utah.edu/
wayned/ape/), verified questionable regions, coupled with manually corrected start and stop codons,
against other Prunoideae chloroplast genomes (GenBank: KP732472.1, HQ336405.1, NC 030599.1,
KP760071.1, NC 023956.1, KP760075.1, KP760073.1, KP760072.1 etc.). The transfer RNA genes were
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identified by using DOGMA and tRNAscan-SE2.0 [10]. In addition, GC content and codon usage were
analyzed with MEGA7 [11] and CondonW [12].

2.2 Repeat Structure, Genome Comparison and Phylogenetic Analysis

Repeat structure within the C. campanulata chloroplast genome was analyzed following the method of
Nie et al. [13]. We used the Tandem repeat Finder program [14] with default parameter settings. Disperse
repeats, including forward, palindrome, reverse and complement sequences, were identified by using
REPuter [15] with hamming distance set to 3 and repeat size to more than 30 bp. To identify simple
sequence repeats (SSRs), we used MISA [16] (http://pgre.ipkgatersleben.de/misa/) with the minimum
number of repeats set to 10, 5, 4, 3, 3 and 3 for mono-, di-, tri-, tetra-, penta- and hexanucleotides,
respectively [17]. Moreover, we ran the same analysis to detect disperse repeats and SSRs, on the
chloroplast genomes of another seven Prunoideae species. Finally, tandem repeats less than 15 bp in
length and redundant results between REPuter and SSRs were removed manually. We used mVISTA [1§]
to compare the full chloroplast genome of C. campanulata with other complete Prunoideae chloroplast
genomes using the annotation of C. campanulata; including Prunus pseudocerasus, NC _030599.1;
Prunus maximowiczii, KP760071.1; Prunus kansuensis, NC_023956.1; Prunus subhirtella, KP760075.1;
Prunus serrulata, KP760073.1; Prunus persica, HQ336405.1 and Prunus padus, KP760072.1. The code
behind the name of species is the accession number of the species in the NCBI database (https://www.
ncbi.nlm.nih.gov/). We used the MEGA?7 program to perform maximum likelihood (ML) and maximum
parsimony (MP) phylogenetic analyses, comparing to the other Prunoideae species. For ML analysis the
GTR model was used [19], setting gamma distributed of rates among sites and bootstrap analysis to
1,000 replicates. For MP analysis the TBR model was used, setting bootstrap replications to 1,000 [13].

3 Results

3.1 Genome Organization and Features

We started by identifying four parts of whole chloroplast genome. The total nucleotide length of
different parts of the chloroplast genome and their GC contents are shown in Tab. 1. The IR regions have
a higher GC content. One of the possible reasons is that 8 rRNAs with a high GC content exist in both
IR regions, while most repeats in chloroplast genomes are AT rich regions, and a low number of repeats
occurs within the IR regions. The complete chloroplast genome of C. campanulata contains 115 unique
genes, including 79 protein-coding genes, 32 tRNAs and 4 rRNAs. Additionally, 8 protein-coding genes,

Table 1: Nucleotide composition of the C. campanulata chloroplast genome

T(U)% C% A% G% Length(bp)
LSC 33.6 17.8 31.8 16.8 85929
SSC 34.9 15.8 34.9 14.4 19113
IRA 28.7 20.5 28.8 22 26432
IRB 28.8 22 28.7 20.5 26432
Total 32.1 18.7 31.2 18 157906
CDS 31.5 17.5 30.9 20.1 79899
First position 24 18.5 30.9 26.8 26633
Second position 33 20.1 29.6 17.7 26633
Third position 38 13.9 32.2 15.9 26633

Note: CDS: Protein-coding sequence.
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7 tRNAs and 4 rRNAs are duplicated within the IR regions. 17 genes contain introns, of which 14 genes only
contain one intron and 3 genes contain two introns. Interestingly, the rps/2 gene is trans-spliced, with the first
exon located in the LSC region, while the other two exons are duplicated in both IR regions.

We combined all sequences of protein-coding genes to calculate their length and the type of codons that
are represented. T has the highest utilization rate at the second and third codon positions, while A has the
highest utilization rate at the first codon position. Among 26,633 codons, the most encoded amino acids
are leucine (2,780, 10.5%) and isoleucine (2,289, 8.66%), while the least encoded are cysteine (311,
1.17%) and tryptophan (452, 1.71%). Like most other angiosperm chloroplast genomes [20], the codon
usage is biased toward a high representation of T (Fig. 1T).

3.2 Repeat Structure and Sequence Analysis

There are 26 tandem repeats longer than 15 bp in the complete genome sequence. Most of them are
within the intergenic space (IGS), excluding 5 repeats in the ycfl and ycf2 genes, respectively. Twenty-
one tandem repeats have 2 copies, which accounts for nearly 80.8% of all tandem repeats, 4 tandem
repeats have 3 copies and just one tandem repeat has 4 copies. It is remarkable that all of the tandem
repeats in ycf2 have more than 2 copies because 4 out of 5 tandem repeats which have 3 or 4 copies are
in the ycf2. 43 dispersed repeats were identified, of which 17 were forward repeats, 20 were palindrome
repeats, 4 were reverse repeats and 2 were complement repeats. Forward and palindrome repeats are in
the majority, accounting for approximately 86% of the total repeat number. Among these dispersed
repeats, 30 (69.8%) are 30-34 bp, 9 (20.9%) are 35-39 bp and 4 (9.3%) are 40—44 bp in length. Not a
single repeat longer than 42 bp in length has been observed. Most repeats are distributed within the IGS
and about 39.5% can be found within genes and introns. SSRs are an important type of repeat, also
known as a microsatellite, and can be used as a molecular marker. We identified 93 SSRs in the
chloroplast genome of C. campanulata, including 66 mononucleotide SSRs (71.0%), 16 dinucleotide
SSRs (17.2%) and 11 tetranucleotide SSRs (11.8%), excluding trinucleotide, pentanucleotide and
hexanucleotide SSRs. 64 SSRs (68.8%) are located within the IGS, 13 SSRs (14.0%) within introns and
16 SSRs (17.2%) within a CDS, including matK, rpoC2, rpoB, atpB, cemA, psbF, rpsi8, clpP, ndhF,
ndhE, ndhl and ycfi. Moreover, 77 SSRs (82.8%) are located within the LSC, 10 SSRs (10.7%) within
the SSC and 6 SSRs (6.5%) within the IRs (Fig. 1B). In general, the vast majority of SSRs belong to the
AT type which contribute to AT richness [21].

3.3 Contraction and Expansion of IRs

Contraction or expansion of IRs over time often results in length variation of the chloroplast genome,
leading to significant differences between plant species [22]. We compared the IR-LSC and IR-SSC
borders, as well as adjacent genes of the chloroplast genomes of C. campanulata and another seven
Prunoideae species (P. kansuensis, P. maximowiczii, P. padus, P. persica, P. pseudocerasus, P. serrulata
and P. subjirtella), all of which are published in the NCBI database (Fig. 2). All species contain the long
ycfl pseudogene that is located at the border between the IR and SSC regions, all with a similar length of
approximately 1,050 bp. The ndhF and ycfl pseudogenes overlapped in all species except in P. padus and
P. subhirtella.

In addition, in a single species, P. padus, the IR region has expanded towards the rps/9 gene, truncating
the sequence and thereby creating an rps/9 pseudogene at the border between the IR and LSC regions.
Furthermore, the distance from the border between the LSC and IRa regions until the start of the #rnH-
GUG gene differs between all eight species we compared. All species vary considering the degree of
contraction or expansion of the IR regions, yet the content and length of the IRs are not consistent with
the complete size of chloroplast genome.
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Figure 1: Top: (T) The codon usage and frequency of amino acids in the C. campanulata cp protein-coding
genes. Bottom: (B) Frequency of identified SSR motifs in different repeat type classes. F in bule represents
forward repeats, P in orange represents palindrome repeats, C in green represents complement repeats and R
in yellow represents reverse repeats
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Figure 2: Comparison of the borders of the LSC, SSC and IR regions among eight Prunoideae chloroplast
genomes

3.4 Repeat Sequence Comparison between Prunoideae Chloroplast Genomes

We continued to compare the dispersed repeats and SSRs of the other seven Prunoideae species’ cp
genomes to C. campanulata. Our comparison shows that P. padus, P. kansuensis and P. persica are the
most divergent of all eight species. C. campanulata is the most similar to P. serrulata, with which it
rarely shows any differences in the number and type of repeats. It is interesting to note that the species
can be divided into 3 separate groups, with one of the groups consisting of P. padus, another of
P. persica and P. kansuensis, and the last one consisting of the remaining species, corresponding with our
phylogenetic analysis. The C. campanulata cp genome contains a total of 93 SSRs, more than any of the
other species. Considering cp genome size, C. campanulata has the second biggest cp genome compared
to the other species, just below P. padus. However, the relative sizes of its LSC, SSC and IRs regions are
fourth, fifth and second, respectively, in comparison (Tab. 2). The sequence identity of all eight
Prunoideae chloroplast genome was plotted using mVISTA, with the annotation of C. campanulata as a
reference (Fig. 3). Results indicate a high degree of sequence conservation between Prunoideae species,
yet a few divergent regions can be identified. In general, coding regions are more conserved than non-
coding regions, while the LSC and SSC regions are more divergent than the IR regions. Regions
containing rRNA genes are most conserved across the complete genome. We found that several stretches
of CNS separating gene pairs, such as between tRNK-UUU and atpA, rpoB and psbD, ndhC and atpB,
ndhF and ccsA, as well as rpl2 and trnH-GUG, show a lot of sequence divergence. This might be related
to the expression of nearby genes. Our sequence identity analysis suggests that P. padus as a single
species diverged the most, whereas the remaining seven Prunoideae species can be divided into 2 distinct
groups, corresponding with our phylogenetic analysis. Furthermore, P. serrulata is highly similar to C.
campanulata at the sequence level, perhaps due to their similar geographical distribution, resulting in
similar diversification. One possible conclusion from these data is that C. campanulata and P. serrulata
both diverged from the same species, yet more experiments are required to confirm this hypothesis.
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Table 2: Length of different parts of eight species
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Species Length(bp)
Total genome LSC SSC IR
Cerasus campanulata 157906 85929 19113 26432
Prunus kansuensis 157736 85753 19122 26387
Prunus maximowiczii 157852 85846 19133 26436
Prunus padus 158955 87665 18871 26209
Prunus persica 157790 85881 19060 26381
Prunus pseudocerasus 157834 85928 19084 26393
Prunus serrulata 157882 85967 19120 26397
Prunus subhirtella 157833 85950 19120 26381
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Figure 3: Percent identity plot for comparison of eight Prunoideae chloroplast genomes using mVISTA (see

materials and methods). The top line shows genes in order (transcriptional direction indicated with arrow).
The x-axis represents the coordinate in the chloroplast genome and the y-axis shows the average percentage
of sequence identity between C. campanulata and the other seven species. Genome regions are color coded
as exon, intron and conserved non-coding sequences (CNS) (see legend on the bottom left)
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3.5 Phylogenetic Analysis

To verify the phylogenetic position of C. campanulata amongst the Prunoideae, we constructed
Maximum Likelihood (ML) and Maximum Parsimony (MP) trees. In both ML and MP trees (Fig. 4),
bootstrap values are high with values of > 95% for most nodes, excluding the C. campanulata and
P. serrulata pait with a value of approximately 72%. Considering the similarity between C. campanulata
and P. serrulata, we approbate the phylogenetic position of C. campanulata and the result of both the
ML and MP trees. It is divided into three groups that were compared with C. campanulata before. We
consider that P. utils belongs to Prinsepia, P. padus belongs to Padus, P. kansuensis and P. persica belong
to Amygdalus and C. campanulata, P. serrulata, P. maximowiczii, P. pseudocersus, P. subhirtella and
P. yedoensis belong to Cerasus. Moreover, C. campanulata has a very close relationship with P. serrulata
and the specific relationship and the history of the evolution of them need to be studied further with more
samples and related sequences.

Cerasus campanulata Cerasus lat

[ 3
100} Prunus serrulata k<] Prunus serrulata

100\l Prunus maximowiczgi 99 L Pmnusmaximowiczii

7,
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Figure 4: The Maximum Parsimony (MP) phylogenetic tree (left) and Maximum Likelihood (ML)
phylogenetic tree (right). Numbers above node are bootstrap support values

4 Discussion

We analyzed the complete chloroplast genome sequence of C. campanuata, a member of the
Prunoideae, a subfamily within the Rosaceae. The data of the chloroplast sequence of C. campanuata
could be downloaded from the NCBI database (BankIt2081270 Cerasus MG827394). In this study we
analyzed its repeat structure, SSRs, as well as IR contraction and expansion. The genomic organization
and gene order of the C. campanulata chloroplast genome are generally similar to the previously reported
Prunoideae. We made a detailed comparison with other Prunoideae chloroplast genomes, and we found
that C. campanuata cp genome has a very high similarity to that of P. serrulate especially. This result is
consistent with previously reported phylogenetic analyses and strongly supports the taxonomic position of
C. campanulate [8]. Since the chloroplast sequence we used for our analysis originated from NCBI, we
leave the species name unchanged. According to the morphological description of Cerasus and Prunus by
“Flora reipublicac popularis subucae,” as well as our results concerning comparison of chloroplast
genome structure and phylogenetic analysis based on chloroplast genome information, we believe that C.
campanuata should be classified as a Cerasus rather than the previously recognized Prunus. For the same
reason, P. serrulata, P. maximowiczii, P. pseudocersus, P. subhirtella and P. yedoensis should likely be
reclassified to the Cerasus family. This could entitle them to a scientific name change into C. serrulata,
C. maximowiczii, C. pseudocersus, C. subhirtella and C. yedoensis. The future release of additional
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genome-wide chloroplast data could strengthen our results and increase confidence for determining the exact
taxonomic status of C. campanuata and the phylogenetic interrelationship of Prunoideae and even of
Rosaceae species. However, our study does show that taxonomic determinations based on morphological
description alone are not necessarily enough for accurate phylogenetic classification of a species.
Molecular phylogeny is a powerful tool to aid such taxonomic efforts.
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