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Abstract: Synonymous codon usage bias (SCUB) analysis is an effective method to explore species
specificity, evolutionary relationships and mRNA translation, as well as to discover novel genes,
which are important for understanding gene function and molecular phylogeny. Cherries (Prunus
subg. Cerasus) are flowering plant germplasm resources for edible and ornamental purposes. In this
study, we analyzed the codon usage patterns of the 36 chloroplast genomes to provide a scientific basis
for elucidating the evolution of subg. Cerasus. The results showed that the average GC content was
0.377, the average GC3 was 0.298, and the average ENC value was 49.69. Neutral-plot analysis, ENC-
plot analysis, and PR2-plot analysis all indicated that natural selection was the main factor of codon
usage bias in subg. Cerasus, whereas correlation analysis showed that gene expression level and GC1
also affect the codon usage pattern. The codon usage pattern was consistent across 36 species, and
30 high-frequency codons were identified, with preference for A/T endings; there were 23 optimal
codons, and only GAU was identified in all individuals; structural differences existed between
the clustering tree based on RSCU values and the phylogenetic tree based on CDS, elucidating
the importance of locus mutations and no-preference codons in phylogenetic reconstruction. This
study describes for the first time the SCUB pattern and characterization of subg. Cerasus chloroplast
genomes and provides a new insight to explore the phylogeny of this subgenus.

Keywords: Prunus; Cerasus; plastid genome; codon usage; phylogeny

1. Introduction

The triplet codons perform a fundamental role in protein translation, and the transfer
of genetic information from mRNA to protein is a basic link in maintaining the viability of
the organism. All amino acids are encoded by two to six codons, except for methionine
and tryptophan, which are encoded by only one codon [1,2]. Codons encoding the same
amino acid are considered as synonymous codons. In the matter of the process of protein
translation, different species tended to use one or more specific synonymous codons
called synonymous codon usage bias (SCUB) [3,4]. According to previous studies, protein
translation efficiency, tRNA abundance, gene drift, and expression level have all been
associated with SCUB, but natural selection and genes mutation are the most important
factors [5–9].

Chloroplast is the main organelle used to execute photosynthesis activities and
metabolic reactions in green plants. Compared with the nuclear genome, the chloro-
plast genome in angiosperms is a circular DNA molecule which has a highly conserved
genomic structure with a small size, single-parental inheritance, and low nucleotide substi-
tution rate; hence, it is widely used as molecular evidence for phylogenetic analysis and
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species identification [10–14]. With the rapid development of high-throughput sequencing
technology, massive plants taxon chloroplast genomes have been sequenced, offering the
research of chloroplast genome codon with a database.

With the popularity of next-generation genome sequencing technologies, the study
of plant genome codons is increasing. However, most studies on plant codon preferences
have been conducted only in single species, and comparison of interspecific codon usage
patterns is lacking. Cherry is a generic term for Prunus subg. Cerasus species, which
contains approximately 50 species that mainly occupy temperate and subtropical regions of
the northern hemisphere [15–19]. Cherries offer a variety of edible drupes and ornamental
plants with economic value to human society and thus have great potential for development
and application. However, frequent interspecific hybridization and sympatric speciation
have yielded little knowledge of the phylogeny of subg. Cerasus or the evolutionary
forces driving the evolutionary process. At present, numerous studies on the synonymous
codon preference of plant chloroplast genomes have been reported, such as Poaceae [20],
Magnoliaceae [21], Asteraceae [22], Euphorbiaceae [13], Fragaria [23], and others. In
this study, we combined 24 published chloroplast genomes of subg. Cerasus and 12 self-
assembled plastomes to systematically analyze the synonymous codon usage patterns
of subg. Cerasus species and reveal the phylogenetic relationships of this taxon, aiming
to provide new insights into the evolution of the cherry chloroplast genome as well as
scientific information and stable data for the application and conservation of germplasm
resources basis.

2. Materials and Methods
2.1. Sampling, DNA Isolation and Sequencing

In order to address the issue of unrepresentative samples in previous studies [24,25],
we newly sampled and sequenced the plastome of 12 subg. Cerasus species in this study,
namely Prunus clarofolia (31◦20′52.52′′ N, 109◦58′46.35′′ E), P. conadenia (28◦39′36.84′′ N,
97◦27′54.05′′ E), P. discoidea (30◦4′14.08′′ N, 118◦5′25.54′′ E), P. jamasakura (34◦45′53.7′′ N,
135◦42′10.5′′ E), P. mahaleb (42◦18′23.58′′ N, 71◦7′19.38′′ W), P. mugus (27◦35′52.81′′ N,
98◦39′9.62′′ E), P. polytricha (31◦19′29.22′′ N, 109◦59′2.76′′ E), P. sargentii (42◦9′17.21′′ N,
140◦9′57.19′′ E), P. schneideriana (28◦18′31.76′′ N, 119◦18′6.41′′ E), P. serrula (25◦46′30.23′′ N,
102◦20′30.58′′ E), P. setulose (34◦29′33.52′′ N, 103◦40′6.34′′ E) and P. yunnanenesis (23◦40′8.88′′ N,
106◦12′46.74′′ E). These fresh mature leaves collected from robust individuals of the wild
subg. Cerasus species were packed into labeled tea bags and immediately placed in silica
gel for drying and storage.

Total Genomic DNA was extracted from each of subg. Cerasus plants using a DNeasy
Plant Mini Kit (Qiagen Co., Hilden, Germany) following the manufacturer’s protocol. The
extracted DNA was quantified in NanoDrop ND1000 (Thermo Fisher Scientific, Waltham,
MA, USA; quality cutoff, OD 260/280 ratio between 1.7–1.9) and visualized in a 1% agarose-
gel electrophoresis for the quality check. Illumina paired-end (PE) libraries (read length:
2 × 125 bp) with insert sizes of 270 to 700 bp for each of subg. Cerasus species were
constructed and sequenced on MiSeq platform (Illumina Inc., San Diego, CA, USA) by
Nanjing Genepioneer Biotechnologies Inc. (Nanjing, China). We removed poor-quality
reads (PHRED score of <20) using the quality trim function implemented in CLC Assembly
Cell package v. 4.2.1 (CLC Inc., Aarhus, Denmark).

The average clean PE reads for each sample was 3.54 Gb (Phred score > 20), and we sub-
sequently assembled de novo these clean reads using the GetOrganelle pipeline [26]. The as-
sembled chloroplast genomes were annotated by the web application GeSeq
(https://chlorobox.mpimp-golm.mpg.de/geseq.html (accessed on 29 April 2022) [27].
Another 24 subg. Cerasus plastomes were downloaded from the National Center for Biotech-
nology Information (NCBI). All samples are listed in Table S1. The coding sequences (CDS)
of each species were extracted by Phylosuite v1.2.2 [28].

https://chlorobox.mpimp-golm.mpg.de/geseq.html
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We filtered coding sequences less than 300 bp and removed duplicate genes and stop
codons, and a total of 58 shared CDSs in 36 subg. Cerasus species were enumerated for
subsequent analysis.

2.2. Codon Composition

We analyzed RSCU (relative synonymous codon usage), ENC (effective number of
codons) and CAI (codon adaptation index) of selected protein-coding genes using CodonW
v1.4.2 (http://codonw.sourceforge.net/ (accessed on 3 May 2022) and calculated the GC
content of the first base of codon (GC1), the second base of codon (GC2), the third base of
codon (GC3), and total GC content (GC). The RSCU were calculated as Equation (1):

RSCU =
xij

∑ni
j xij

ni (1)

where xij represents the frequency of codon j encoding the i-th amino acid and ni is the
number of synonymous codons encoding the i-th amino acid. If the RSCU value of a codon
is equal to 1, it reflects no codon usage bias, instead, the RSCU value reflects the frequency
of usage deviation from other codons.

2.3. Neutrality Plot

In the neutral graph, the average values of GC1 and GC2 of each gene were regarded
as GC12, which were ordinate; GC3 values were seen as abscissa. Finally, we line-fit the
scatter points in the diagram. Often, when the regression coefficient is closer to 1, the
SCUB is more affected by the base mutation; the number closer to 0 is greater affected by
natural selection.

2.4. Analysis of ENC-Plot

ENC values are used to analyze the extent to which codon usage deviates from random
selection, which depicts the extent to which synonymous codons are used unevenly in a
specific gene or genome in a given species, ranging from 20 to 61. If the value is greater
than 35, it indicates that the use of codons has high bias and vice versa. We plotted scatters
with ENC content as ordinate and GC3 values as horizontal coordinates and draw standard
curve. The expected values of ENC were calculated according to Equation (2):

ENC = 2 + GC3s +
29

GC3s2 + (1− GC3s2)
(2)

When mutational pressure has a significant effect on codon usage patterns, ENC
values lie on or near the expected curve. On the contrary, when influenced by natural
selection and other factors, ENC values are well below the expected curve.

2.5. PR2-Plot

Previous studies have witnessed that the third base of the codon is a critical factor
affecting its preference; we chose the third base of the codon to A3/(A3 + T3) as the ordinate,
and G3/(G3 + C3) for the horizontal coordinates to draw a PR2-plot diagram to explore
whether its preference is related to natural selection or other factors [29].

2.6. Correlation Analysis

Correspondence analysis comparing the usage patterns of 59 codons (excluding codons
encoding Met, Trp and three stop codons) led to a series of orthogonal axes that can be used
to demonstrate codon usage variation in the chloroplast genome of cherries. Based on SCUB
of genes in a multidimensional space of 59 axes, it is possible to derive the distribution of
genes, as well as the largest fraction of gene variation, and in this regard to analyze the
main factors of codon variation. The codon usage variations in 36 subg. Cerasus species
were investigated with correspondence analysis based on RSCU using CodonW v1.4.2 [30].

http://codonw.sourceforge.net/
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The correlation between the first four axes and each codon usage parameters was analyzed
by SPSS v 25.0.

2.7. Optimal Codons

We sorted the 58 protein coding sequences that were filtered from highest to lowest
ENC values, then selected the first 10% and the last 10% genes to establish a high–low bias
library and calculated the ∆RSCU value (RSCU high − RSCU low). If the RSCU > 1 and
∆RSCU > 0.08, then this codon was defined as high expression superior codon for this
species [31].

2.8. Cluster and Phylogenetic Analysis

In order to explore the relationship between the SCUB of plastomes in subg. Cerasus
plants and its phylogenetic relationship, we conducted a cluster analysis of 36 subg. Cerasus
in R v3.6.3 using RSCU values as variables, calculated as “Euclidean distance,” and plotted
the cluster spectrum [32]. We also reconstructed a phylogenetic tree based on 58 CDS
sequences using a maximum likelihood method with 1000 bootstrap replications [33]. The
tested outgroups were Ulmus chenmoui and Ziziphus jujuba, both downloaded from NCBI
(Genbank accession number: MG581403 and KU351660).

3. Results
3.1. Base Composition Characteristics

As shown in Table 1, the average number of codons in 36 species was 26,165, of
which P. conadenia had the lowest number (25,205) and P. pseudocerasus had the highest
number (26,575). The average content of GC1, GC2, GC3 and GC content of CDS sequences
were 0.454, 0.377, 0.298 and 0.377 respectively. The results indicated that the three codon
bases were biased towards A (adenine) and T (thymine). The GC contents of all tested
chloroplast genomes were consistent with GC1 > GC2 > GC3 (Figure 1). The average ENC
value was 49.69, the minimum ENC value of P. fruticosa was 49.61, and the highest value of
P. discoidea was 49.76 (Figure 2). All ENC values of this taxon were greater than 49, reflecting
weak codon bias overall. The CAI value of all species was 0.166, except P. conadenia which
was 0.167.
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Table 1. Codon features of 36 subg. Cerasus chloroplast genomes.

Species Codon No. CG1 CG2 CG3 GC ENC CAI

Prunus apetala 26158 0.4529 0.3765 0.2982 0.3760 49.71 0.166
Prunus avium 26162 0.4541 0.3770 0.2978 0.3770 49.66 0.166
Prunus campanulata 26157 0.4542 0.3770 0.2984 0.3770 49.69 0.166
Prunus cerasoides 26172 0.4542 0.3767 0.2979 0.3770 49.68 0.166
Prunus clarofolia 26209 0.4545 0.3768 0.2981 0.3770 49.69 0.166
Prunus conadenia 25205 0.4560 0.3762 0.2974 0.3770 49.67 0.167
Prunus conradinae 26490 0.4535 0.3762 0.2988 0.3770 49.73 0.166
Prunus dielsiana 26151 0.4543 0.3769 0.2984 0.3770 49.70 0.166
Prunus discoidea 26525 0.4533 0.3760 0.2991 0.3770 49.76 0.166
Prunus emarginata 26163 0.4542 0.3769 0.2976 0.3770 49.66 0.166
Prunus fengyangshanica 26163 0.4542 0.3767 0.2984 0.3770 49.71 0.166
Prunus fruticosa 26166 0.4537 0.3766 0.2971 0.3760 49.61 0.166
Prunus itosakura 26152 0.4546 0.3770 0.2982 0.3770 49.69 0.166
Prunus jamasakura 26160 0.4541 0.3769 0.2982 0.3770 49.68 0.166
Prunus jingningensis 26165 0.4542 0.3770 0.2983 0.3770 49.69 0.166
Prunus kumanoensis 26158 0.4543 0.3770 0.2982 0.3770 49.68 0.166
Prunus leveilleana 26158 0.4543 0.3770 0.2983 0.3770 49.69 0.166
Prunus mahaleb 26218 0.4547 0.3771 0.2980 0.3770 49.67 0.166
Prunus matuurae 26156 0.4540 0.3769 0.2986 0.3770 49.72 0.166
Prunus maximowiczii 26158 0.4543 0.3768 0.2984 0.3770 49.71 0.166
Prunus mugus 25990 0.4552 0.3775 0.2977 0.3770 49.67 0.166
Prunus pensylvanica 26162 0.4544 0.3769 0.2980 0.3770 49.68 0.166
Prunus polytricha 26220 0.4543 0.3769 0.2984 0.3770 49.70 0.166
Prunus pseudocerasus 26575 0.4535 0.3761 0.2988 0.3770 49.73 0.166
Prunus rufa 26171 0.4541 0.3769 0.2979 0.3770 49.67 0.166
Prunus sargentii 26153 0.4543 0.3770 0.2981 0.3770 49.67 0.166
Prunus schneideriana 26224 0.4543 0.3769 0.2985 0.3770 49.70 0.166
Prunus serrula 26217 0.4544 0.3769 0.2983 0.3770 49.69 0.166
Prunus setulosa 26227 0.4539 0.3769 0.2980 0.3770 49.67 0.166
Prunus speciosa 26164 0.4540 0.3769 0.2983 0.3770 49.69 0.166
Prunus spontanea 26158 0.4543 0.3770 0.2984 0.3770 49.70 0.166
Prunus subhirtella 26152 0.4546 0.3770 0.2982 0.3770 49.69 0.166
Prunus takesimensis 26158 0.4543 0.3770 0.2983 0.3770 49.69 0.166
Prunus verecunda 26158 0.4544 0.3770 0.2983 0.3770 49.69 0.166
Prunus yedoensis 26152 0.4546 0.3770 0.2982 0.3770 49.69 0.166
Prunus yunnanensis 26003 0.4551 0.3774 0.2977 0.3770 49.66 0.166

3.2. Neutrality Plot Analysis

In order to determine the main factors influencing the SCUB of chloroplast genome, we
carried out a neutral plot analysis of 36 subg. Cerasus species. As shown in Figure 3, GC12
and GC3 were scattered distribution. GC12 was 0.2852–0.5432, and GC3 was 0.2074–0.3661.
The regression coefficient was between 0.1331 and 0.2455, where P. conradinae was 0.1331,
which was most influenced by natural selection; P. conadenia was 0.2455, which was least
affected by natural selection. These results suggested that the SCUB of subg. Cerasus
chloroplast genomes were mainly influenced by natural selection.

Neutrality plot analysis reflects only the factors that influence codon usage patterns;
consequently, further analysis of the degree of influence of mutational pressure and natural
selection is necessary.

3.3. ENC-Plot Analysis, PR2-Plot Analysis and Correlation Analysis

As shown in Figure 4a, the genes of 36 subg. Cerasus species were scattered on both
sides of the expected curve, with most genes not near or below the expected curve and
a few genes with ENC values less than 35. These results also demonstrated that natural
selection is the dominant factor of SCUB of chloroplast genome in subg. Cerasus plants.
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We performed a parity check analysis on the relationship between the third base of the
codons of all the tested genes of 36 subg. Cerasus plants (Figure 4b). The diagram displayed
that tested genes were unevenly distributed in four regions, with a large number of genes
located in the bottom right, which meant that T was used more frequently than A, and
G (guanine) was greater than C (cytosine). Overall, the frequency of A/T and G/C use in
the chloroplast genomes of subg. Cerasus was asymmetrical and was influenced not only
by mutational pressure as well as by natural selection and other factors. This result further
validated the effect of natural selection on SCUB in the cherries.

We analyzed the correspondence patterns of 36 subg. Cerasus chloroplast genes based
on RSCU values. The Axis 1 was the major factor in causing the variation, responsible for
about 10% of total variation in all tested subg. Cerasus species, with each subsequent axis
explaining a decreasing amount of the variation. Based on Pearson correlation analysis,
the Axis 1 was significantly correlated with GC1, GC3, GC12, GC, CAI and ENC (p < 0.01)
(see Table 2), which means that the base composition greatly affected the codon usage bias.
GC1 and CAI value were likely to affect the patterns of codon usage, and significantly
correlated with COA axes (except Axis 3). This suggested that the first base of codon and
the gene expression level were likely involved in some subg. Cerasus chloroplast genomes.
Furthermore, there were no obvious characteristics of the distribution of subg. Cerasus
chloroplast genes (Figure 4c).

3.4. High-Frequency Codon and Optimal Codon

The RSCU value of 36 subg. Cerasus genome sequences was calculated using CodonW,
and high-frequency codons (RSCU > 1) were counted (Supplementary Table S2 and
Figure 5). In 36 tested plants, except for the UUG encoded L (leucine) ending in G, the other
codons ended in A (13) or T (16), indicating that codon ending in A/T were used more
frequently. At amino acid levels, UUA, which also encodes L, showed strong preference in
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all subg. Cerasus species. We also sorted the ENC values of all tested chloroplast genes in
36 species, picked out five high-value and five low-value genes to build a library, and then
selected the codons that met the conditions as the optimal codons (Supplementary Table S3
and Figure 6).
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3.4. High-Frequency Codon and Optimal Codon 

The RSCU value of 36 subg. Cerasus genome sequences was calculated using 

CodonW, and high-frequency codons (RSCU > 1) were counted (Supplementary Table S2 

and Figure 5). In 36 tested plants, except for the UUG encoded L (leucine) ending in G, the 

other codons ended in A (13) or T (16), indicating that codon ending in A/T were used 

more frequently. At amino acid levels, UUA, which also encodes L, showed strong pref-

erence in all subg. Cerasus species. We also sorted the ENC values of all tested chloroplast 

genes in 36 species, picked out five high-value and five low-value genes to build a library, 

Figure 4. Related plotting analysis of codon usage frequency, with red dots representing protein-
coding genes of 36 subg. Cerasus species. (a) ENC-plot analysis based on the concatenated coding
sequences, the x-axis represents the GC3 value of CDS and the y-axis represents its ENC value;
(b) PR2-plot analysis, the x-axis denotes the value of G3/(G3 + C3) and the y-axis denotes the value of
A3/(A3 + T3); (c) correspondence analysis of the RSCU values of subg. Cerasus species, each point on
the plot corresponds to the coordinates on the first and second-principal axes produced by the COA.
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Table 2. The correlation coefficients between the axes and codon usage indices of chloroplast genes
in 36 subg. Cerasus species.

GC1 GC2 GC3 GC12 GC CAI ENC

Axis 1 −0.141 ** 0.035 −0.103 ** −0.066 ** −0.091 ** −0.130 ** −0.071 **
Axis 2 −0.074 ** 0.026 −0.030 −0.030 −0.037 0.147 ** −0.055 *
Axis 3 −0.023 0.042 −0.023 0.009 0.002 −0.050 * −0.107 **
Axis 4 −0.050 * −0.098 ** 0.094 ** −0.084 ** −0.049 * 0.077 ** 0.034

Notes. * p < 0.05. ** p < 0.01.
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A total of 23 optimal codons encoded 12 amino acids were counted, among which
17 ended in A/T, accounting for 73.9%. The results manifested that there were significant
differences in the optimal codons of 36 subg. Cerasus chloroplast genomes. P. emarginata
had the most optimal codons, which was 11, while P. itosakura had the least number, which
was 6. Of 12 species with 7 optimal codons, P. cerasoides, P. kumanoensis, P. leveilleana, P. rufa,
P. subhirtella and P. yedoensis harbored the same composition of optimal codons, which
were: ACC, AGU, CCU, CGU, GAU, GCC, GCU, UCC and UCU. Among 14 species with
8 optimal codons, ACC, AGA, AGU, CCU, CGU, GAU, GCC and UCU were the optimal
codons of P. clarofolia and P. mugus. Secondly, P. fengyangshanica, P. jingningensis, P. matuurae,
P. maximowiczii, P. sargentii, P. speciosa, P. spontanea, P. takesimensis and P. verecunda had
the same optimal codon composition, but the difference from the former was that AAU
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replaced AGA. Moreover, only one GAU encoding aspartic acid was the common optimal
codon of all subg. Cerasus species.
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3.5. Cluster and Phylogenetic Analysis

Based on the RSCU values of 36 subg. Cerasus plastome genomes, we constructed a
hierarchical diagram (Supplementary Table S2 and Figure 7a). The result of cluster analysis
revealed that 36 subg. Cerasus species were divided into 4 clusters, of which only one
species in Cluster IV was P. conadenia, and the other three clusters contained 10, 22, and
3 species, respectively. Intriguingly, in contrast to the arborescence structure of the cluster
analysis, the CDS-based phylogeny split into five clades exhibiting a completely different
topology (Figure 7b). P. mahaleb placed basal in subg. Cerasus and formed a separate branch
that was Clade I; Clade II contained 2 species, namely P. rufa and P. cerasoides; Clade III and
Clade IV included 5 and 7 species, respectively; Clade V gathered the largest number of
species of wild cherries, with 21.
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4. Discussion

In general, the codon usage bias not only reflects the origin, evolution, and mutation
patterns of species or genes, but also has conspicuous implications for gene function and
expression [8,13,34]. The substitution in the third base of codon may not instantly alter
the corresponding encoded amino acids, but they directly reflect the patterns of codon
usage [35,36]. Our analysis results were consistent with most angiosperms codon bias: the
GC content of subg. Cerasus chloroplast genome was 0.377 and the preferred ending with
base A/T; all tested species appeared to have a weak codon preference (ENC value > 49)
(Table 1 and Figure 2) [13,22,37]. In case codon preference is affected by natural selection,
GC3 value tend to be distributed in a small range in the diagram, and GC12 have no
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significant correlation with GC3. We observed a regression line with a lower slope in the
36 species, and also found the regression coefficients were close to 0 (Figure 3), which
suggested that natural selection played an important role in codon usage bias in chloroplast
genomes of subg. Cerasus plants. ENC-plot and PR2-plot analysis both proved that natural
selection was the main factor influencing codon preference (Figure 4a,b). Apart from
mutations and natural selection, we demonstrated that gene expression levels and the first
base of codon also affected codon preferences through COA based on RSCU values (Table 2
and Figure 4c) [38]. 36 subg. Cerasus genomes encompassed 30 identical high-frequency
codons, and the third base was generally biased towards A/T (Table S2 and Figure 5). On
the contrary, the number of interspecies optimal codons ranged 6 from 11 and the only
shared codon was GAU (Figure 6). Therefore, the reason for the difference between optimal
codon and synonymous codon was that the former was affected by ENC and expression
level of different genes.

The results of gene annotation in this study indicated that the least number of codons
in P. conadenia was directly caused by the absence of the ndhB gene, which indirectly led
to the clustering into a separate branch. In previous studies, it was found that functional
genes missing in chloroplasts were transferred to the nucleus, such as the inf A gene in
Arabidopsis, Lotus [39], and Elaeagnus [40], and the rpl22 gene in Castanea and Passiflora [41].
ndhB belongs to NADH dehydrogenase and is involved in electron transfer and oxidative
phosphate processes. We investigated globally that there is no ndhB deletion in any other
cherries. Why is the ndhB gene only missing in P. conadenia? Is it a functional gene transfer
or substitution similar to the above case that occurred? At present, we are relatively poorly
characterized about the biology of P. conadenia with this narrow distribution and further
research is needed.

Previous studies have shown that the clustering hierarchical diagram based on SCUB
cannot accurately reflect the real phylogenetic relationship. Compared with our phylo-
genetic tree based on CDS sequences, the cluster tree only reflected some interspecific
relationships and provided limited supports for genetic relationships of subg. Cerasus. We
speculate that the conflict between the topology of the clustering tree and the phylogenetic
tree is due to the omission of low to medium preference codons. The CDS-based phylo-
genetic tree is more affected by base substitutions because it includes some non-preferred
codons that also play an important role in phylogenetic relationships and would otherwise
fail to reconstruct reliable genetic relationship of species.

5. Conclusions

In this study, we systematically compared the patterns of synonymous codon usage
in the subg. Cerasus chloroplast genomes, which were all affected by natural selection
rather than mutation, and the gene expression level and GC1 also contributed to some
extent. In addition, clustering analysis based on RSCU values was not optimal, for which
we reconstructed a reliable phylogeny based on CDS and speculated that the former was
caused by the absence of the no-preference codons. Overall, we provide a new insight into
the evolution of subg. Cerasus chloroplast genome in terms of SCUB, which will help to
further explore molecular evolutionary mechanisms and optimize the expression levels of
exogenous genes in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13111891/s1, Table S1: Genbank accession numbers of 36 subg.
Cerasus species; Table S2: RSCU value of 36 subg. Cerasus species; Table S3: The optimal codons of
36 subg. Cerasus chloroplast genome.
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