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Abstract: Japanese apricot (Prunus mume Sieb. et Zucc.) is among the most valued fruits and
flowering plants in eastern Asia. However, few comparative studies have been conducted with
respect to its agro-morphological and pomological traits, chloroplast (cp) genome sequences and
plastid diversity. Therefore, a comparative study was, conducted to investigate the divergence and
geographic distribution of ten Japanese apricot accessions from three Chinese provinces (Zhejiang,
Jiangsu and Sichuan). Phenotypic characteristics of the evaluated accessions, such as leaf length, tip
leaf length, flower diameter, anther number, fruit weight, longitudinal height, transversal height,
lateral height, fruit stone weight, stone longitudinal height, stone transversal height, stone lateral
heigh, titratable acid content and total soluble solids, varied significantly (p < 0.05) among the ten
investigated accessions. On the other hand, most of the investigated accessions were statistically
similar within the same province. Comparing the Cp genomes of P. mume accessions with those of
the genus Prunus revealed a similarity in structure and composition with slight differences. “Bayes
empirical Bayes” (BEB) analysis in Prunus species, including P. mume, revealed BEB in rps16, rps3,
rpoC1(4*), rpl32, rpl16, rbcL, psbF, petB, ndhF, clpP and ccsA genes. The BEB value of the rpoC1 gene is
higher than 0.95, indicating that it is potentially under positive selection. Interestingly, the accessions
from the same province of origin had the same number of forward repeat sequences. Furthermore,
all accessions from Zhejiang province had the same number of simple sequence repeats. Similarly,
nucleotide deletion/insertion of the ycf1 sequence and the results of phylogenetic trees revealed
that accessions were mainly clustered according to their province of origin. Our comparative study
of agronomical traits, chloroplast composition, structure, nucleotide variability of cp genome and
phylogeography in Japanese apricot accessions provides valuable information on their diversity and
geographic distribution.

Keywords: phylogenetic analysis; plastid diversity; nucleotide diversity; ndhF; ycf1 genes

1. Introduction

The structure, coding ability and evolution of chloroplast genomes and mitochondria,
two DNA-containing cell organelles in plants, have been studied [1]. DNA contained in
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chloroplasts (cp) [2] evolved over almost a billion years from cyanobacterial endosym-
bionts [3,4] and is known as chloroplast DNA (cpDNA) [2,5]. Chloroplast is the photo-
synthetic site [5,6], providing the most noticeable characteristic in green plant cells, and is
specific to plants [5–7]. Its main layer participates in the synthesis of several substances, in-
cluding amino acids, fatty acids, starch and pigments [7].The first complete cp genome was
described in tobacco in 1986 [8], and since that time, an increasing number of cp genomes
have been reported and submitted to the nucleotide database. The cp genome is regarded as
an effective tool for revealing the inherent genetic diversity, phylogenetic relationships [8]
and evolution [9] of plants species. Despite the highly conserved structure of the cp genome,
previous studies have shown that certain plant species, including members of the Prunus
genus, have changed in size due to genetic arrangements of the inverted repeat (IR) region,
such as gene mutation and deletion [1,10–13]. These variations have been found in cp
genomes, providing information for the development of molecular markers and genetic
adaptive radiation analysis [14], as well as ensuring the accuracy of phylogenetic research.
For instance, the sequences linked to regions and open reading frames were screened in a
comparative study of cp genome sequences of Prunus armeniaca, P. salicina and P. mume,
which could be useful as molecular markers in taxonomic classification studies [9]. The ndh
gene suite (ndhA, ndhI and ndhG) displays a loss of putative autonomy in Najas flexilis, [10].
Köhler, M et al. [11] also found non-conserved regions on genes of the ndh gene suite (i.e.,
ndhA, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI and ndhJ) and pseudogenization of some genes
from the perspective of plastid structure and content in Opuntioideae (Cactaceae). Further-
more, the phylogenetic certainty of the backbone of Prunus species, including P. mume, was
investigated using nuclear genes and plastid genome sequences, specifically the position
of the racemose group relative to the solitary and corymbose groups [12]. The Prunus
backbone was consistently resolved in the phylogenies of both nuclear and chloroplast
genomes [12]. Moreover, the encoding cp genes (such as ycf1 and ndhF) meet the require-
ment for optimal Prunus usefulness. According to previous studies [13,14], Ycf1 and ndhF
are essential for DNA barcodes inferred from a significant level of variability. Amar [15]
noted a higher rate of transition/transversion (R) DNA sequence variation, which could be
used to distinguish between species or populations.

The Japanese apricot is a native plant in China that belongs to the Rosaceae family,
subfamily ‘Prunoideae’; in Chinese, it is referred as “mume” or “mei” [16]. P. mume is a
long-cultivated fruit crop that of economic significance in temperate areas and Eastern
Asian countries. Its germplasm resources are abundant in high-quality cultivar populations,
playing a key role in fruit production [17]. The genetic background of available resources
and accessions is complex because of the high genetic variability of the species, which is
also present in many cultivars of apricot (Prunus armeniaca) due to natural crossing [18].
Shimada, T. et al. [19] cited morphological characteristics as the basis of their classification.
As a result, morphological data can be used to identify P. mume accessions based on their
geographic location. For instance, stone morphology was used to distinguish/classify
Japanese and Chinese P. mume accessions [20].

Recently, it was revealed that the combination of both approaches (molecular and
morphological) was made possible via extensive and accurate knowledge of angiosperm
linkages based on molecular phylogenetic analyses [21], as well as an increasing record of
morphological features, such as flower [22]. Moreover, morphological variability revealed
the presence of two ecotypes within a species [23]. However, morphological feature
evolution studies among species and populations represent a crucial method [20], enabling
the exploration of their geographical origins [24]. The cp genome is a useful data resource
for phylogenetic studies [25] and elucidating evolutionary relationships, genetic diversity
and the genetic resources of higher plants. It provides accurate assertions in the context
of accessing genetic consistency and reveals historical processes that influenced genetic
variation [23].

Agro-morphological and phylogenetic analysis of accessions using complete cp genomes
could provide information regarding phylogenetic relationships, cp and morphological di-
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versity. As a result, the current study was focused on phenotypic characteristics, cp genome
diversity and geographic distribution of Japanese apricot accessions. This study provides
valuable insight into agro-morphological traits, cp genome diversity and phylogeographic
characteristics of the evaluated accessions from different regions of origin.

2. Materials and Methods
2.1. Genetic Materials and Agro-Morphological Characterization

In this study, two accessions of P. mume, M01 and M02, were identified by Prof. Gao
Zhihong in Flora of China. The two accessions were collected from the National Field
Genebank for Prunus mume in Nanjing, Jiangsu, China, for sequencing and combined
with the eight previously sequenced accessions R01, R04, R03, R05, R02, R15, R16 and
R17 for analysis. The evaluated accessions were from different regions (Table 1). All
Japanese apricots used in the present study were not endangered accessions, and permission
was obtained before collection. The voucher specimen deposits are stored at Nanjing
Agricultural University (accession numbers: GMNJ0020 (M01) and GMNJ0021 (M02)).
Table 1 provides details on the 10 accessions used in the present study.

Table 1. Accessions name, accession number and origin of the two newly sequenced and eight previously
sequenced Japanese apricot (Prunus mume) accessions available at Nanjing Agricultural University.

Prunus mume Accessions Name Accession Number City of Origin Province of Origin Designation

Nanhongmei MW755873 Nanjing Jiangsu R01

Hongguangmei MW755879 Suzhou Jiangsu R02

Sichuanqingmei MW755875 Dayi Sichuan R03

Sichuanbaimei MW755874 Dayi Sichuan R04

Sichuanhuangmei MW755877 Dayi Sichuan R05

Ruantiaohongmei MW755885 Chaoshan Zhejiang R15

Xiaoyezhugan MW755886 Chaoshan Zhejiang R16

Qingjia No.2 MW755887 Chaoshan Zhejiang R17

Zaohong MW759299 Fenghua Zhejiang M01

Changnong No.17 MW759300 Changxing Zhejiang M02

The plantation of the National Field Genebank of P. mume (longitude: 119.1807, latitude:
31.6147) in Nanjing, Jiangsu, China, was used to determine agro-morphological and fruit
quality traits of the accessions listed in Table 1, and additional information on the field
is listed in Table S1. Three trees per accession were selected for data collection on leaves,
flowers and fruits; these were collected carefully for morphological and fruit quality
characterization [26]. Fruit samples were harvested in the maturity stage (higher climacteric
maximum values), with fruit color (green to yellow) and days after complete flowering
(88 days) as maturity indicators. Agro-morphological characteristics of the ten accessions
were assessed by sampling 10 leaves, 10 flowers and 10 fruits for all the variables that were
measured and counted. The variables were measured with a ruler (precision, 0.02 cm) in
leaves and flowers, including leaf length, leaf tip length, leaf diameter, leaf stock, flower
diameter and pistil length. Counted variables included anther number and petal number in
the anthesis stage. The variables measured for fruits were fresh fruit and fruit stone weight,
which were weighed using an electronic analytical balance (Mettler Toledo Instrument Co.,
Ltd., Zurich, Switzerland; precision, 0.0001 g). Other fruit variables measured in fruits
included fresh fruit and fruit stone transversal, as well as longitudinal and lateral height,
using a Vernier caliper (precision, 0.05 mm). Total soluble solids (TSS) were determined
using a PAL 1 portable digital-display sugar meter (Atago Ajon Company, Tokyo, Japan),
and titratable acid content (TAC) was determined by indicator titration [27]. Data collected
in triplicate were subjected to analysis of variance, followed by Duncan’s multiple range
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test post hoc to separate the means among the accessions at a significance level of 5%; the
results were visualized in GraphPad Prism (Version 8, GraphPad Software, San Diego,
CA, USA, http://www.graphpad.com, accessed on 09 June 2021). In addition, Pearson
correlation among the fruit quality parameters was computed by a two-tailed test at a 5%
significance level with the corrplot package in R [28].

2.2. Sample Preparations, DNA Extraction and Sequencing

Total DNA was extracted from young leaves of M01 and M02 using a modified CTAB
method [29]. cDNA library sequencing was performed using an Illumina HiSeq2500 high-
throughput sequencing platform (San Diego, CA, USA) to acquire high-quality, clean data
based on edge synthesis sequencing technology.

2.3. Assembly, Annotation and Analysis of the Chloroplast Genome Sequences

The cp genome was assembled using SPAdes version 3.11 software (BANKEVICH,
A.,Petersburg, Russia, http://bioinf.spbau.ru/spades, accessed on 3 September 2020) [30].
To ensure the accuracy of the assembled results, quality control of the assembled cp genome
was carried out by genome readback, genome coverage, insert size and comparison of
genome reference sequences. In order to conduct collinear analysis of the conserved
and rearranged genome and alignment of the two to the reference genome sequence-
structure, the reference sequence Prunus persica HQ336405.1 [31] (https://www.ncbi.
nlm.nih.gov/nuccore/, accessed on 5 September 2020) was used for quality control after
assembly. Prodigal v2.6.3 (GNU, Cambridge, Massachusetts, USA, https://www.github.
com/hyattpd/Prodigal, accessed on 6 September 2020) software was used to annotate
the coding DNA sequence (CDS) of the cp genome. Hmmer software v3.1b2 (Eddy S.R.,
Ashburn, Virginia, USA, http://www.hmmer.org/, accessed on 7 September 2020) was
used to obtain rRNA annotation results of the cp genome sequence. tRNA prediction of the
cp genome sequence was performed using Aragorn software v1.2.38 (Dean Laslett, Perth,
Western Australia, Australia, http://130.235.244.92/ARAGORN/, accessed on 7 September
2020). According to the relative species already published in the NCBI database, the related
genes sequences were extracted, verified and analyzed by BLAST v2.6 (Altschul, S.F., New
York, NY, USA, https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 September 2020).
Using this method, the assembled sequences were aligned to obtain secondary annotation
results. The annotation results for differential genes were checked manually to eliminate
erroneous and redundant annotations that determine multiple exon boundaries to obtain
the final annotation. The codon usage and RSCU of plastid genomes were studied, and
Perl script version 5.26 (Wall, L., Los Angeles, CA, USA, perl.org, accessed 25 September
2020) was used for the relative calculations.

2.4. Analysis of Repeat Sequences and Single-Sequence Repeats

In the cp genomes of Japanese apricot accessions, single-sequence repeats (SSRs) or mi-
crosatellites were identified using the MISA v1.0 (MISA-web) MIcroSAtellite identification
tool (Leibniz-Institute, Saarbrucken, Germany, http://pgrc.ipk-gatersleben.de/misa/misa.
html, accessed on 4 October 2020) with parameters 1–8 (single-base repeat 8 times or more).
A combination of vmatch software v2.3.0 (Kurtz, Stefan, Hamburg, Bundesstrasse, Ger-
many, http://www.vmatch.de/, accessed on 6 October 2020) with Perl script version 5.26
(Wall, L., Los Angeles, CA, USA, perl.org, accessed on 6 October 2020) was used to identify
repeated sequences. The parameters had a minimum length = 30 bp, hamming distance = 3
and four terms of identification: forward, palindromic, reverse and complement.

2.5. Genome Comparison and Sequence Divergence of Chloroplast Genomes

The complete cp genomes of Japanese apricot accessions were compared to one an-
other using the default parameters of Mauve software (Darling, A, Wisconsin-Madison,
USA, http://darlinglab.org/mauve, accessed on 8 October 2020). The gene sequences
were aligned using Mafft software v7.310 (Katoh, K, Tokyo, Japan, https://mafft.cbrc.jp/

http://www.graphpad.com
http://bioinf.spbau.ru/spades
https://www.ncbi.nlm.nih.gov/nuccore/
https://www.ncbi.nlm.nih.gov/nuccore/
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alignment/software/, accessed on 10 October 2020). Vcf tools versions 4,4.1 (Danecek, P.,
Cambridge CB10 1SA, UK, http://vcftools.sourceforge.net, accessed on 10 October 2020)
were used to calculate pi value (nucleic acid diversity) of each gene after performing a global
alignment of homologous gene sequences from different accessions using Mafft v7.310 soft-
ware (-auto mode) (Katoh, K, Tokyo, Japan, https://mafft.cbrc.jp/alignment/software/,
accessed on 10 October 2020). Perl’s SVG module version 2.84 (Mohammad S Anwar,
London, England, United Kingdom, https://metacpan.org/release/MANWAR/SVG-
2.84, accessed on 12 October 2020) was used to visualize the boundary regions, such
as LSC/IRb/SSC/IRa. In addition, the nucleotide sequences of ycf1 and ndhF of the
P. mume accessions were aligned using DNAMAN version V8 software ( Lynnon Biosoft,
Foster City, CA, USA, https://www.bioz.com/result/doap2%20proteins%20dnaman%20
version%208%200%20software/product/Lynnon%20corporation, accessed on 20 March
2022) [32], MEGA X (Kumar, S., Philadelphia, USA, https://www.megasoftware.net, ac-
cessed on 20 March 2022), and Jalview version2.11.2.0 (Waterhouse, A, Dundee, UK,
https://www.jalview.org/download, accessed on 20 March 2022).

2.6. Evolutionary Analysis

The whole cp genome, as well as LSC, SSC and IR regions were used to construct
phylogenetic trees. MAFFT version 7 (Katoh, K., Tokyo, Japan, https://mafft.cbrc.jp/
alignment/software/, accessed on 16 June 2022) [32] and trimA11.2 (Capella-Gutierrez,
S., Barcelona, Spain, http://trimal. cgenomics.org/publications, accessed on 16 June
2022) [32] were used to align the sequences. The phylogenetic tree was inferred via RAxML
version 8 (Stamatakis, A., Heidelberg, Germany, https://github.com/stamatak/standard-
RAxML, accessed on 16 June 2022) [33] using the GTR+I+G4 model of evolution, as selected
Model test-NG v0.1.7 software (Darriba, D., Elvina, A Coruna, Spain, https://github.com/
ddarriba/modeltest, accessed on 16 June 2022) [34] and 1000 rapid bootstraps; then online
iTOL (https://itol.embl.de/tree, accessed on 26 August 2022) was used to visualize the trees.
P. triloba, P. pedunculata, P. japonica, P. dictyoneura and P. humilis sister groups, including the
P. mume clade, were used to study the positive selection of protein-coding genes. However,
for each protein-coding gene, the codeml program in the PAML package version 3.14
(Yang, Z., London, United Kingdom, http://web.mit.edu/6.891/www/lab/paml.html,
accessed 25 June 2022) were used to determine synonymous (dS) and non-synonymous (dN)
substitution rates. The likelihood ratio test (LRT) was used in R version 4.2.1 (Ihaka, G., R.,
Auckland, New Zealand, https://www.r-project.org, accessed on 26 June 2022) to examine
adaptive evolution. Moreover, we explored chloroplast protein-coding genes that may
have undergone positive selection in the Prunus species. EasyCodeML version 3 (Gao, F.,
Fuzhou, China, http://github.com/BioEasy/EasyCodeML, accessed on 27 June 2022 ) [35]
models described as M0 (one ratio), M1a (nearly neutral), M2a (positive selection), M3
(discrete), M7 (beta), M8 (beta and ω > 1) and M8a (beta and ω = 1) were examined,
and four likelihood ratio tests (M0 vs. M3, M1a vs. M2a, M7 vs. M8 and M8a vs. M8)
were performed. Then, BEB analysis under model M8 was used to identify codon sites
under positive selection. Additionally, by mapping encoded characters (the mean of each
morphological characteristic value by accession was calculated, with the lower mean
equivalent to 0 and the higher mean equal to 2); mesquite module version 3.70 (Wayne P.
Maddison, Birtish, Columbia, https://www.mesquiteproject.org/Ancestral%20States.html,
accessed on 20 May 2022) was used to reconstruct the trees of morphological features based
on the maximum likelihood approach [36,37].

3. Results
3.1. Agro-Morphological and Fruit Quality Characteristics among the Ten Prunus
mume Accessions

Figure 1 displays samples of the leaves and fruit of the ten investigated accessions.
Leaf length and tip leaf length differed significantly (p < 0.05) among the accessions, with
a range of mean ± standard error of 6.23 ± 0.62 cm in R04 to 7.57 ± 0.71 cm in R17 and
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1.00 ± 0.42 cm in R05 to 2.00 ± 0.58 cm in R17 (Figure S1A,D). However, the leaf diameter
and stock of the ten accessions were statistically similar (p > 0.05) (Figure S1B,C). In addition,
four flower-related traits (flower diameter, anther number, petal number and pistil length)
were evaluated; among these, only flower diameter (1.90 ± 0.52 cm in M02 to 2.62 ± 0.20 cm
in R04) and anther number (43.67 ± 8.20 in R15 to 60.33 ± 8.47 in R02) showed significant
variation (Figure S1E–H).
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Figure 1. Leaf and fruit samples of the 10 accessions of Prunus mume: (A) leaf; (B) fruit. The 10 accessions
comprised R05, M02, R01, R03, R16, R15, R1, R02, M01 and R04.

Fruit quality variables, such as fresh fruit weight, longitudinal height, transversal
height, lateral height, fruit stone weight, stone longitudinal height, stone transversal height,
stone lateral height, total soluble solids (TSS) and titratable acid content (TAC), differed
significantly (p < 0.05) among the 10 accessions (Figure 2A–J). The heaviest fruits were
observed in R16 (39.95 ± 15.86 g) and R17 (37.89 ± 13.8 g), which were statistically similar,
although their effects differed from those of the other eight accessions (Figure 2A). The
fruit weights of R01 (29.38 ± 5.30 g), R02 (27.28 ± 3.19 g) and R15 (25.20 ± 1.11 g) were
also similar; however, only R01 differed from M01. The lowest fruit weight ranges were
(13.26 ± 10.82–17.07 ± 7.01 g) observed in R05, R03, R04 and M02 (Figure 2A), and fruit
stone weights ranged from 1.89 ± 1.11 g in R04 to 4.25 ± 1.25 g in M02 (Figure 2E). The
TSS and TAC ranged from 5.05 ± 2.38% in R02 to 9.17 ± 1.73% in R04 and R05 and from
2.73 ± 1.29% in R04 to 5.09 ± 1.08% in R01 (Figure 2I,J). The agro-morphological and fruit
quality traits showed a wide range of variability among the 10 accessions. The mean range
of morphological traits per accession was zero to two. Mesquite was used to construct
tree morphological features based on the maximum likelihood approach via mapping
of encoded characters. The results showed that the accessions differed phenotypically.
However, as illustrated in Figures 3 and S2A, the trees based on morphological characters
varied between accessions in most of the nodes.
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Figure 2. Fruit quality parameters among the 10 accessions of Japanese apricot (Prunus mume): R05, M02, R01, R03, R16, R15, R1, R02, M01 and R04: (A) fruit weight;
(B) longitudinal height; (C) transversal height; (D) lateral height; (E) stone weight; (F) stone longitudinal height; (G) stone transversal height; (H) stone lateral height;
(I) total soluble solids; (J) titratable acid content. The bars in each figure represent the mean of three replicates, and error bars represent standard error of means. The
bars with a common letter on top indicate no significant difference according to post hoc mean comparison with Duncan’s multiple range test at p < 0.05, whereas
those with different letters indicate significant differences at p < 0.05.
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ficient (r) of −0.60). Conversely, a strong and significant positive correlation was observed 
among some of the traits, for example, fruit weight relative to fruit longitudinal, traversal 
and lateral heights, with correlation coefficients (r) in the range of 0.95–0.97.  

Figure 3. Tree of morphological features of Prunus mume accessions based on the maximum likelihood
approach using Mesquite via mapping of encoded characters. Trees of selected morphological
characters generated using modular Mesquite software; (A) flower diameter; (B) petal number;
(C) pistil length (mm); (D) anther number.

Fruit quality and phenotypic data were subjected to Pearson correlation. and the result
is shown in Figure 4. TSS was negatively correlated with the other nine traits, but the only
significant correlation was observed with fruit longitudinal height (correlation coefficient
(r) of −0.60). Conversely, a strong and significant positive correlation was observed among
some of the traits, for example, fruit weight relative to fruit longitudinal, traversal and
lateral heights, with correlation coefficients (r) in the range of 0.95–0.97.

3.2. Structural Features and Gene Content of the Chloroplast Genome in Prunus mume Accessions

The cp genome, with 157,903 base pairs (bp), is exactly the same in the two accessions
(M01 and M02); the depth of the coverages of cp genomes are shown in Table S2. Thus,
the genetic map of cp genomes of all accessions in a circle is shown in Supplementary
Figure S3. The cp genomes of both accessions (M01 and M02) showed a quadripartite
structure, comprising a pair of the IR region of 26,391 bp, a large single copy (LSC) of
86,124 bp and a small single-copy (SSC) of 18,997 bp (Table S2). The cp genomes contain
130 genes (112 unique genes), including 85 coding proteins, 37 coding tRNAs and 8 coding
rRNAs. Eighteen genes containing introns were found (Table S3); among them, sixteen
genes (rpl16, ndhA, petB, atpF, rpl2, rps12trnV-UAC, rpoC1, trnA-UGC, trnG-GCC, petD, trnI-
GAU, trnK-UUU, rps16, trnL-UAA and ndhB) have one intron, whereas two other genes
(clpP and ycf3) have a pair of introns (Table S3). The total GC contents of cp DNA sequences
of the two accessions (M01 and M02) were identical (36.74%) (Table S2).
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Figure 4. Correlation coefficient matrix showing associations of fruit quality traits among the 10 accessions
of Prunus mume. Fruit quality parameters: total soluble solids (TSS), fruit stone weight (FSW), fruit
stone longitudinal height (FSLgH), fruit stone transversal height (FSTH), titratable acid content (TAC),
fruit stone lateral height (FSLH), fruit longitudinal height (FLgH), fruit lateral height (FLH), fruit
weight (FW) and fruit transversal height (FTH). The correlation coefficients with asterisks (*) indicate
significance at two-tailed p < 0.05.

3.3. Protein-Coding Gene Capacity and Codon Usage Analysis

The codon usage and relative use of synonymous codons (RSCU) of plastid genomes
of ten P. mume accessions were analyzed with Perl script for the relative calculations. In the
cp genomes of the accessions, coding capacity of the genes encoding proteins ranged from
26,509 (R01 and R02) to 26,518 (R04, R03 and R05) codons (Table S4). All accessions encode
an equal number (21) of various amino acids, although accessions R04, R03 and R05 have a
slightly stronger coding capacity than other accessions.

The relative synonymous codon usage (RSCU), codons, corresponding numbers and
amino acids are shown in Table S4. Among the amino acids, leucine was the most abun-
dant, with 2771 total codons (10.45%) in R04, R03, R05, R15, R16, R17, M01 and M02 and
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2768 total codons (10.44%) in R01 and R02, followed by isoleucine (Ile) (863–864), with 2292
(R04, R03 and R05), 2291 (R01), 2290 (R02) and 2289 (R15, R16, R17, M01 and M02) codons.
The fewest codons were observed for cysteine, with only 312 codons (1.18% of the total),
across all accessions (Table S4).

The RSCU was calculated in the ten Japanese apricot accessions. The most ideal codon
was AUG, which encodes an amino acid, methionine (Met), with 19,968 RSCU in each
accession. The next was UUA (1962–19,554) encoding leucine, with 1962 RSCU in R04, R03,
R05, R15, R16, R17, M01 and M02 and 19,554 RSCU in R01 and R02. The lowest frequency
was the start codon, and the lowest use was GUG, with the same percentage (0.0032) in all
the accessions, encoding the amino acid methionine (Met).

3.4. Simple Sequence Repeats and Repetitive Sequence Analysis

Using MISA software, the occurrence and single-sequence repeat (SSR) types of ten
cp genomes of P. mume accessions were analyzed. In the cp genome, the SSR changed
significantly at the intraspecies level; in the framework of population genetics and evolution,
SSRs are regarded as specific genetic markers [38,39]. There were 248 SSRs in R02; 247 SSRs
in R15, R16, R17, M01 and M02; and 246 SSRs in R01, R04, R03 and R05 (File 1), including six
categories: mononucleotide (mNr), dinucleotide (dNr), trinucleotide (trNr), tetranucleotide
(teNr), pentanucleotide (pNr) and hexanucleotide (hNr) repeats (Table 2).

Table 2. Types and number of SSRs in the chloroplast genomes of Prunus mume accessions.

SSR Type Repeat Unit R01 R04 R03 R05 R02 R15 R16 R17 M01 M02

Mono

A 63 64 64 64 63 64 64 64 64 64
T 86 85 85 85 88 86 86 86 86 86
C 5 5 5 5 5 5 5 5 5 5
G 3 3 3 3 3 3 3 3 3 3

Di
AT 7 7 7 7 7 7 7 7 7 7
TA 5 5 5 5 5 5 5 5 5 5
TC 1 1 1 1 1 1 1 1 1 1

Tri

AAC/AAG/AGA/
GAA/TTG 2 2 2 2 2 2 2 2 2 2

AAT 3 3 3 3 3 3 3 3 3 3
ACC/ACT/AGC/ATC/
ATG/CAA/CAG/CCA 1 1 1 1 1 1 1 1 1 1

ATA 7 7 7 7 7 7 7 7 7 7
CTT/TCT 4 4 4 4 4 4 4 4 4 4

GAT/GCA/GCT/GGA/
GGT/GTG/GTT/TAG/TGC 1 1 1 1 1 1 1 1 1 1

TAA/TTC 6 6 6 6 6 6 6 6 6 6
TAT/TTA 5 5 5 5 5 5 5 5 5 5

AAAT 2 2 2 2 2 2 2 2 2 2

Tetra AATA/ATAA/TTGA/
TTTA/TTTC 1 1 1 1 1 1 1 1 1 1

Penta
AAAAT 1 0 0 0 1 0 0 0 0 0
TTTGA 1 1 1 1 1 1 1 1 1 1

Hexa ATCTAT 0 1 1 1 0 1 1 1 1 1

However, among these categories, mononucleotide repeats (157–159 repeats) were
the most abundant, followed by dinucleotide (13 repeats), trinucleotide (67 repeats), tetra-
nucleotide (7 repeats), pentanucleotide (1–2 repeats) and hexanucleotide (0–1 repeat) re-
peats (Table 3). Single-nucleotide repeats accounted for 63.967% in R15, R16, R17, M01
and M02; 63.82% in R01, R04, R03 and R05; and 64.11% in R02, indicating their abun-
dance. Hexanucleotides (0–0.40%) and pentanucleotides (0.40–0.80%) were less abundant.
Therefore, single-nucleotide repeats are more involved in genetic variation than others. A



Horticulturae 2022, 8, 794 11 of 22

higher level of A or T was observed within the mononucleotide, dinucleotide, trinucleotide,
tetranucleotide and pentanucleotide repeats, leading to basic alignment deviations. In
the cp genomes of the ten Japanese apricot accessions, the number of forward (F) repeats
ranged from 14 (R04, R03 and R05) to 21(R01 and R02), the number of palindromic (P)
repeats ranged from 24 (R02) to 26 (R04, R03 and R05) and the number of reverse (R) repeats
ranged from 0 (R02 and R16) to 6 (R01, R03, R05, R15, R17, M01 and M02), whereas no
complement (C) repeat was detected (Table 3), and majority of these repeats were between
30 and 40 bp in length (Figure S4).

Table 3. Types and number of repeat sequence in the chloroplast genomes of Prunus mume accessions.

Type R01 R04 R03 R05 R02 R15 R16 R17 M01 M02

F 21 14 14 14 21 15 15 15 15 15
P 25 26 26 26 24 25 25 25 25 25
R 6 5 6 6 0 6 0 6 6 6
C 0 0 0 0 0 0 0 0 0 0

Total 52 45 46 46 45 46 40 46 46 46

F, forward repeat; P, palindrome repeat, R, reverse repeat; C, complement repeat. R05, M02, R01, R03, R16, R15,
R1, R02, M01 and R04.

3.5. Analysis of Nucleotide Diversity in P. mume Accessions

In the cp genome, nucleic acid sequences among diverse species can be revealed by
the extent of variation of nucleic acid diversity (pi). Regions with higher variability are
applicable as potential molecular markers for accession/germplasm resources. Homolo-
gous gene sequences of different accessions were globally aligned using Mafft software
with default parameters, and the pi value of each gene was calculated using Vcf tools. The
results showed that rpl33 (LSC region) [0.005], psbI (LSC region) [0.003], rpl32 (SSC region)
[0.002], rps16 (LSC region) [0.001], ndhD (SSC region) [0.001] and petD (LSC region) [0.001]
had the highest divergence values (pi) and has an increased chance of utility as prospec-
tive markers in future studies (Figure 5A). On the other hand, most of the vastly varied
intergenic sites were located in the LSC regions, followed by SSC regions and IR regions
(Figures 5B and S3). Nevertheless, ndhC_trnV-UAC (LSC region) [0.0053], trnL-UAA_trnF-
GAA (LSC region) [0.0026], trnQ-UUG_psbK (LSC region) [0.0023], psaJ_rpl33 (LSC region)
[0.002324] and ccsA_ndhD (SSC region) [0.0019] were considered hotspot regions with the
highest divergence values (pi) (Figures 5B and S3).

3.6. Inverted Repeat Expansion and Contraction

The three component regions of the P. mume cp genome are SSC, LSC and IR (Figure 6).
The adjacent genes and junctions of the cp genome of ten accessions were well aligned.
In the ten P. mume accessions (M01, M02, R01, R04, R03, R05, R02, R15, R16 and R17),
the sizes of three regions and the boundaries are very similar. For instance, pseudogene
gene rps19 was found in the LSC/IRb junction (JLB) in all the accessions. However, it is
located in IRb region (Figure 6) in all P. mume accessions and expanded in the LSC region,
with a length of 86 bp in M01, M02, R04, R03, R05, R16 and R17 and 82 bp in R01, R02
and R15. The ndhF gene (Figure 6) was found in the IRb/SSC (JSB) junction in the SSC
region and expanded (18bp) in the IRb region. Moreover, there are two ycf1 genes in the cp
genomes of all accessions. However, the IRb/SSC border extended into the ycf1(1050) gene
in genomes with a short ycf1 pseudogene of 3 bp [40], whereas the ycf1 (4593 bp) gene was
in the IRa/SSC (JSA) junction in the IRa region and expanded in the SSC region (Figure 6).
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3.7. Sequence Analysis of ndhF-ycf1 Genes from Ten Prunus mume Accessions

The alignments of ycf1 and ndhF nucleotide sequences from ten P. mume accessions
were completed and obtained as shown in Figure S5 using DNAMAN (Version V6; Lynnon
Biosoft) [41], MEGAX and Jalview (version:11.1.4). The result showed some nucleotide
substitutions on either side of the sequences of these sequences (ycf1 and ndhF) of cp
genomes tested in general (Figure S5), with a similarity of 99.62–99.89%. In the ycf1
sequence, accessions R15, R16, R17, M01 and M02 from Zhejiang province have the same
deletion from regions 2393 to 2407, whereas a deletion from regions 4111 to 4131 was
detected in R01 and R02 from Jiangsu province, although no deletion/insertion was found
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in other P. mume accessions ( Figure S5A). In the ndhF sequence, there were neither insertions
or deletions in the P. mume accessions, although there were substitutions (Figure S5B).
However, we noticed that the nucleotide substitution number/rate in R15, R16, R17, M01,
and M02 from Zhejiang province was high compared to that in other P. mume accessions.

3.8. Selective Pressure Analyses

The phylogenetic tree indicates that P. triloba, P. pedunculata, P. japonica, P. dictyoneura
and P. humilis are sister groups, and they have a common ancestor, which can be assigned to
the internal branch next to terminal branches with P.armeniaca or P. mume as leaves. To that
end, we studied the positive selection of protein-coding genes in the chloroplast genomes
of the Prunus species from this clade and that of P. mume. For each protein-coding gene,
the codeml program in the PAML package was used to determine synonymous (dS) and
non-synonymous (dN) substitution rates. The adaptive evolution of genes was investigated
using the likelihood ratio test (LRT). Although the majority of genes had a dN/dS (i.e.,
value) less than 1.0, four genes (petL, ndhF, rpoC1 and rpl36) had a value greater than 1
(Figure 7), indicating that they are under positive selection. Additionally, we performed
“Bayes empirical Bayes” (BEB) analysis under model M8 to further investigate the sites
under positive selection of the related genes. As a result, we found “BEB” in rps16, rps3,
rpoC1(4*), rpl32, rpl16, rbcL, psbF; petB, ndhF, clpP and ccsA genes (Additional File 1), i.e.,
sites with a BEB score higher than 0.5. The sites with BEB values higher than 0.95 are
potentially under positive selection, as are denoted by asterisks. However, these sites were
found only in the rpoC1 gene, implying that it is potentially under positive selection [35].
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3.9. Phylogenetic Analysis among Prunus mume Accessions

Genes in a genome or from different genomes may have more copies in a respective
genome, which may cause problems in the construction of phylogenetic trees [42]; therefore,
we constructed four phylogenetic trees with four datasets: cp genome, IR, LSC and SSC. In
general, P. mume accessions were consistently closely clustered together across all four trees
(Figures 8 and S6). The trees exhibited relatively similar topological structure, with minor
rearrangement of the ten accessions in this study. However, the phylogenetic tree based
on the cp genome showed that P. mume accessions, P. armeniaca, P. dictyoneura, P. humilis,
P. japonica, P. triloba and P. pedunculata form a monophyletic group. Additionally, this tree
indicates that P. mume NC_023798, P. mume accessions and P. armeniaca are more closely
related than the other Prunus species. Using full plastomes only, R01 and R02 were clustered
together; R04, R03 and R05 were clustered together; and R15, R16, R17, M01 and M02
clustered together, indicating that clustered genomes are highly conserved and almost
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identical (Figures 8 and S6). These results indicate that P. mume accessions were mainly
clustered according to their province in China (Figures 8 and S5 and Table 1): Zhejiang
(M01, M02, R15, R16 and R17), Jiangsu (R01 and R02) and Sichuan (R04, R03 and R05)
(Table 1).
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4. Discussion

Morphological traits and fruit quality parameters of P. mume accessions were deter-
mined in this study (Figures 1, 2 and S2A–H). The leaves of ten accessions were found to be
oval in shape, with R03 and R04 being slightly more oval than the others (Figure 1A). The
leaf margin of all accessions were roughly toothed (Figure 1A). The veins on the dorsal face
of the leaves of R01, R16 and R02 were purple in color compared to the others (Figure 1),
which could be a distinctive feature for accessions. [43]. Apart from leaf diameter, leaf stalk,
petal number and pistil length, other variables varied significantly (p < 0.05) among the ten
accessions (Figures 2A–J and S1A–H). For instance, M01, with an average leaf length of
7.57 cm, was statistically longer than other accessions and was only comparable to those of
P. mume ‘clone 15’ (5.08 cm) [26] and accession types of “Koumé”, “Ume” (4.45 cm) and
“Bungo” (5.46 cm) [43]. Flower diameter in M02 and R04, as well as anther number in R15
and R02, showed significant variation (Figure S1E–H). Flower diameter in M02 and R04
and anther number in R15 and R02 showed significant variation (Figure S1E–H). According
to Chartier et al. [44], the flower is the most distinctive feature in angiosperms. However,
we suggest that accessions M02, R04, R15 and R02 could be distinguished from other P.
mume accessions by the significant difference in the related traits. The heaviest fruit weights
were recorded in R16 (39.95 g) and R17 (37.89 g) and were not significantly different from
those of other accessions, whereas the lightest fruit weights were recorded in R05, R03,
R04 and M02 (Figure 3A), similar to commercial “Mei” fruit [45]. TSS and TAC values
assessed among the accessions differed significantly (p < 0.05) (Figure 2A–J), with higher
TSS concentration levels determined in R04, R05 (9.17%) and R01 (5.09%), which were rela-
tively similar to accessions growing in the state of São Paulo (10.2–12.2% and 4.0–5.7%) [45].
In conclusion, certain accessions from the same regions are statistically similar in terms
of agro-morphological traits, whereas others are statistically different. Furthermore, the
trees based on morphological characters revealed that most of the evaluated accessions
exhibited divergence at the node level. When the diversity of nodes is ignored, the majority
of the accessions from the same province cluster consistently. The agro-morphological
and pomological features revealed that the accessions studied from the same province
are distinct. However, the interaction between environmental and genetic factors may
have influenced their adaptation, contributing to their divergence. There was a statistically
significant positive correlation between certain characteristics, such as fruit weight vs. fruit
size (Figure 2). Mratinić et al. [46] also found a statistically significant positive correlation
between the size and weight of fruit and stones in 24 apricot accessions. This indicates the
possibility of simultaneously improving at least two traits without any tradeoff effect.

The main features of ten sequenced cp genomes of Japanese apricot accessions from
different provinces were compared, eight of which had previously been resequenced by
our research group for other studies [47]. The cp genomes of all accessions were similar in
structure and composition but with an exceptional slight difference in the genome size of
R02 (158,150 bp), R01 (158,143 bp), R05 (157,922 bp), R04 (157,918 bp) and R03 (157,915 bp).
We also noticed that R15, R16, R17, M01 and M02 from Zhejiang province had the same size
(157,903 bp) (Table S2). This variation could have resulted from the borders of IR regions
due to their expansion or contraction. They also share several similar characteristics with
other Prunus species, such as P. avium ‘Summit’ [48].The total GC contents of the assessed
accessions varied from 36.73 to 36.74% (Table S2) and were similar to those of other Prunus
species, such as P. armeniaca (36.75%) [9].

A comparative analysis of cp genome sequences revealed intrinsic genetic information.
For example, AccD, clpP, rpoA, ycf1 and ycf2 genes were diversity hotspots in Bignoniaceae
species cp genomes. Among these, ycf1 had the highest nucleotide diversity, as evidenced
by numerous y sites subject to positive selection [49]. GC content was significantly higher
in the IR regions of the cp genome compared to SSC and LSC regions (Table S2). Xue [9]
reported similar findings on the cp genome of some Prunus species, which could be due
to high GC content of the eight identified rRNA genes in the IR region. The contraction
and expansion of the SSC, LSC and IR regions during angiosperm evolution are mainly
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responsible for the reported variation in cp genome length [50]. Contraction and expansion
of the IR region can lead to the creation of pseudogenes [51]. However, our findings show
that ycf1 was located in the JSA region (SSC/IRa), whereas rps19 was found at the IRb/LSC
intersection (Figure 6). rps19 has been detected at the LSC/IRa border of some Cardiocrinum
(Liliaceae) species [52], possibly as a result of incomplete duplication and its incapacity to
encode proteins.

In the present study, a total of 248 SSRs were detected in R02, followed by 247 SSRs in
R15, R16, R17, M01 and M02 from Zhejiang province and 246 SSRs in R01, R04, R03 and
R05. These identified SSRs were classified as mononucleotide, dinucleotide, trinucleotide,
tetranucleotide, pentanucleotide and hexanucleotide repeats. The most abundant single-
sequence repeats (SSRs) were single-nucleotide repeats (Table 2), which were also identified
in species such as Quercus [39] and Primula [53]. They are widely used as molecular
markers in evolutionary and population genetic studies [54]. As a result, SSR plastids
are often rich in poly-T and poly-A but may also contain tandem repeats of cytosine (C)
and guanine (G) [55]. An earlier study revealed that this deviation is related to the ease
of A–T alteration in the plant cp genome compared to G-C alteration [56]. Moreover, we
observed that in most of the repeat sequences, the length of the sequence was between
30 and 40 bp, similar to what was identified in P. bournei and P. chekiangensis [57]. The
most repeat sequences were observed in R01, with 52 repeat sequences, followed by R03,
R05, R15, R17, M01 and M02, with 46 repeats sequences, and R04 and R02, with 45 repeat
sequences. In contrast, the minimum number of repeat sequences was detected in R16,
with 40 repeats sequence. Furthermore, palindromic (P) repeats were dominant, ranging
from 24 (R02) to 26 (R04, R03 and R05), followed by forward (F) repeats, ranging from
14 (R04, R03 and R05) in Sichuan Province to 21 (R01 and R02) in Jiangsu Province, and
reversed (R) repeats, ranging from 0 (R02 and R16) to 6 (R01, R03, R05, R15, R17, M01 and
M02) (Table 3). The accessions from the same province of origin had the same number of
forward(F) repeat sequences: 14 F in R04, R03 and R05 from Sichuan; 15 F in R15, R16,
R17, M01 and M02 from Zhejiang; and 21 F in R01 and R02 from Jiangsu. Forward repeat
sequences can be used for accession identification.

Codon usage is important for genetic information transmission and plant evolu-
tion [58]. In this study, P. mume accessions were found to encode an equal number (21) of
distinct amino acids; the number of codons varied by a small margin between 26,509 and
26,518, depending the accession, similar to those in some angiosperms, such as S. grosvenorii
and S. siamensis [59]. The codon abilities of R03, R04 and R05 (26,518 codons) from Sichuan
were slightly stronger than those of R15, R16, R17, M01 and M02 (26,511 codons) from
Zhejiang, whereas R01 and R02 from Jiangsu had 26,509 codons. Codon number can be
useful in identifying which province an accession is from. Leucine and cysteine were the
most used amino acids with higher values (10.45–10.44%) and a lower value (1.18%). How-
ever, similar findings were reported in two sugarcane ancestors, i.e., Saccharum spontaneum
and S. officinarum [60]. Codon preference is an ubiquitous occurrence in plants; in our
study, AUG was the most preferred codon, which encodes the amino acid methionine
(Met) (with 1.9968% RSCU); after AUG, the codon UUA follows suit, with a 1.9554–1.9620%
RSCU, encoding leucine (Leu), and the GUG start codon in translation encodes the amino
acid methionine (Met) (0.0032 RSCU), with similar results in all accessions (Table S4). The
most often used codons in a subspecies of P. hopeiensis are ATT, AAA, GAA, AAT and
TTT [61].This finding proves that various green plants species have varied codon usage
preferences, and this divergence could be a result of an evolutionary process. Nucleotide
diversity analysis revealed that the most significant regions of divergence were among
rpl33, psbI, rpl32, rps16, ndhD and petD genes (Figure 5). Among these, rps16 was previously
identified as a gene with more divergent regions in Streptocarpus ionanthus [62], as well as
in some other species, e.g., in almond trees (Prunus spp. L.) [63]. In previous studies, the
petD gene has been detected in Amphilophium (Bignonieae, Bignoniaceae) [64] and rps16
and ndhD have been detected in Prunus species [9]. In addition, positive selection analysis
using PAML software revealed the presence of four genes (rpoC1, rpl36, ndhF and petL)
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that were positively selected and could be associated with adaptation. We also identified
intergenic regions among them, including ndhC_trnV-UAC, atpB_rbcL, trnL-UAA_trnF-GAA
and rbcL_accD, which were previously found in four Bulbophyllum species [65]. On the
other hand, Bayes empirical Bayes (BEB) analysis revealed that the rpoC1 gene is potentially
subjected to positive selection. These findings could be useful in examining phylogenetic
relationships among Prunus species, P. mume populations and adaptive evolution analysis.

The results of this study show that nucleotide substitutions and insertions/deletions
induced variation in gene sequences (ycf1 and ndhF) of the tested P. mume tested (Figure S5).
In the ycf1 sequence, nucleotide deletion ranged from 2393 to 2407. R15, R16, R17, M01 and
M02 had nucleotides deleted from 2393 to 2407 regions. We also discovered that a majority
of the same deletions in the ycf1 sequence are related to P. mume accessions from the same
province in China (Figures S5A, 8 and S6 and Table 1 ) and consistent with phylogenetic
results. Therefore, these could be a key index/indicator for research and could be useful
for the geographic identification of Prunus and P. mume accessions.

The phylogenetic tree based on the cp genome revealed that P. mume NC_023798,
P. mume accessions and P.armeniaca are more closely related than other Prunus species
and that P. armeniaca is closely related to P. mume, NC-023798.1, R01 and R02. However,
the phylogenetic tree suggests that P. armeniaca and P. mume (including R01 and R02)
have a close relationship, indicating that they diverged. This could be due to the genetic
heterogeneity in P. mume, which includes numerous accessions with Prunus armeniaca
characteristics as a result of natural crossing [18]. Furthermore, the topological structure
of the four trees was found to be comparatively similar with tested accessions but with
minor rearrangement. This suggests that the 10 tested genomes are similar, probably due
to repetitive contraction and expansion of the genome/regions, a known evolutionary
occurrence in plants [66,67], resulting in differences in the lengths of angiosperm plastid
genomes [68]. The 10 tested accessions formed subclusters, possibly due to their genetic
and geographic diversity. For instance, R01 and R02 from the same province grouped
together, as shown in Figure 6, as they share the same nucleotide diversity/deletions from
4111 to 4131 regions in the ycf1 sequence. The same number of SSRs (247) was found
in the accessions from Zhejiang province (R15, R16, R17, M01 and M02). Phylogenetic
inference can also be related to structural disparity and the presence/absence of genes
in the genomes [17,69], indicating the possibility of limiting accessions based on to their
province/region of origin.

5. Conclusions

In this study, we found that plastid genomes of different accessions have the same
structure and composition, with a higher similarity to those of the Prunus genus, with
minor divergences. The sequences (ycf1 and ndhF) of the analyzed accessions showed
variation in nucleotides due deletion. Similar to nucleotide deletions in the ycf1 sequence,
SSR number and phylogenetic trees revealed that accessions from the same ancestral
provinces were principally grouped together. R01 and R02 were clustered together in four
tree datasets, indicating that their genomes are highly conserved and identical. This study
provides additional knowledge on plastid diversity and agro-morphological variability
among different accessions. These genetic and phenotypic resources can be utilized for
future research on different accessions/populations of Japanese apricot and other related
genera or species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae8090794/s1, Table S1: Agroecological and environmental information from the
National Field Genebank for Prunus mume, Nanjing, Jiangsu, China; Table S2: Summary statistics for
the assembly of ten Punus mume accessions; Table S3: Classification of Prunus mume chloroplast
genes according to their functions; Table S4: Coding capacity of protein-coding genes (PCGs) and
relative synonymous codon usage (RSCU) of the accessions of Prunus mume; Figure S1: Agro-
morphological characteristics of the 10 accessions of Japanese apricot (Prunus mume Sieb. et Zucc.):
R01, R04, R03, R05, R02, R15, R16, R17, M01 and M02. (A) Leaf length; (B) leaf diameter; (C) leaf
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stock; (D) leaf tip; (E) anther number; (F) petal number; (G) flower diameter; (H) pistil length. The
bars in each figure represent the mean of the three replicates, and error bars represent standard
error. The bars with common letters on top indicate no significant difference according to post hoc
means comparison with Duncan’s multiple range test at p < 0.05, whereas those with different letters
indicate significant difference at p < 0.05; Figure S2: Tree of morphological features of the accessions of
Prunus mume based on the maximum likelihood approach using Mesquite via mapping of encoded
characters using modular Mesquite software. (A) Fruit lateral height (mm) (B); fruit longitudinal
height (mm); (C) fruit stone lateral height (mm); (D); fruit stone longitudinal height (mm); (E) fruit
stone transversal height (mm); (F) fruit stone weight (g); (G) fruit transversal height (mm); (H) fruit
weight (I) leaf diameter; (J) leaf stock; (K) leaf tip; (L) TAC (%); (M) TSS%.; Figure S3: Chloroplast
genome map of Prunus mume. Genes encoded in the forward direction are located outside the
circle, and genes encoded in the reverse direction are located inside the circle. The gray circle inside
represents the GC content; Figure S4: Frequency of repeat sequences of the ten P. mume accessions’
chloroplast genomes; Figure S5: (A) Alignment of the nucleotide sequences of the Ycf1 and ndhF
genes of Prunus mume accessions; (B) alignment of the nucleotide sequences of the ndhF gene. R01,
R04, R03, R05, R02, R15, R16, R17, M01 and M02; Figure S6: Phylogenetic trees of P. mume accession
cp genomes built by the maximum likelihood evolution tree: (A) LSC tree, (B) SSC tree, (C) IR tree.
R01, R04, R03, R05, R02, R15, R16, R17, M01 and M02.
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