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Abstract
Chinese plum (Prunus salicinaL.), also known as Japanese plum, is gaining importance because of its extensive genetic diversity
and nutritional attributes that are beneficial for human health. Single-nucleotide polymorphisms (SNPs) are the most abundant
form of genomic polymorphisms and are widely used in population genetics research. In this study, we constructed high-quality
SNPs through whole-genome resequencing of 67 Prunus accessions with a depth of ~20× to evaluate the genome-level diversity
and population structure. Phylogenetic analysis, principal component analysis, and population structure profiling indicated that
the 67 plum accessions could be classified into four groups corresponding to their origin location, the southern cultivar group
(SCG), the northern cultivar group (NCG), the foreign cultivar group (FG), and the mixed cultivar group (MG). Some cultivars
from South China clustered with the other three groups. The genetic diversity indices including private allele number, observed
heterozygosity, expected heterozygosity, and the nucleotide diversity of the SCG were higher than those of the NCG. Gene flow
from the SCG to FGwas also detected. Based on the distribution of wild resources, we concluded that the domestication center of
origin of the Chinese plum was southwestern China. This study also provided genetic variation features and the population
structure of Chinese plum cultivars, laying a foundation for breeders to use diverse germplasm and allelic variants to improve
Chinese plum varieties.
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Introduction

Plum is one of the most important fruit crops globally and,
possesses extensive genetic diversity and high economic value
(Topp et al. 2012). The largest plum producer is China, with
an annual production of 6,801,187 metric tons in 2018, ac-
counting for 53.9% of the world’s total (FAOSTAT 2018).
Within the genus Prunus, the Chinese plum (Prunus salicina

L., 2n = 2x = 16), also known as the Japanese plum, is widely
grown for fresh market consumption and the canning industry,
and includes both the pure Chinese plum and its hybrids with
other diploid plum species, such as Prunus simonii Carr.,
Prunus cerasifera Ehrh., and Prunus americana Marsh. (Liu
et al. 2007).

According to historical records of cultivation, the Chinese
plum may have originated in the Yangtze River Basin, and
there are abundant plum germplasm resources in China
(Hartmann and Neumulle 2009). The Chinese plum has a long
growing history and extensive geographical distribution, with
more than 1000 indigenous plum cultivars in China, derived
from Prunus salicina L. (Zhang 1990). Over 700 of these
cultivars are currently preserved at the National Germplasm
Repository for Plums and Apricots (NGRPA) located in
Xiongyue, Liaoning Province, China (Wei et al. 2020). Yu
et al. (2011) carried out comprehensive phenotyping of 405
Chinese plum cultivars and their hybrids from the NGRPA,
and investigated a total of 32 morphological and agronomic
characters. Coefficients of variation (CVs) ranged from 14.85
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to 47.09%, suggesting that the genetic variability of Chinese
plums is widely distributed.

Genetic variability is a prerequisite for any plant breeding
program. Learning the extent and structure of genetic variation
in germplasm collections is a crucial step for the efficient
conservation and utilization of biodiversity in cultivated
crops. For plum breeders, using diverse plum resources to
broaden the genetic base of worldwide plum cultivars is a
critical objective (Liu et al. 2007; Urrestarazu et al. 2018).
Previous studies have conducted the genetic diversity of
plums; for example, Zhang and Zhou (1998) took the lead in
collecting plum germplasm resources and evaluating their ge-
netic diversity based on morphological traits and isozyme
polymorphisms. However, because morphological traits were
highly susceptible to environmental factors, the estimates of
genetic diversity were not precise. The isozymes had a low
degree of polymorphism and hence were not efficient enough
for the characterization of germplasm genetic diversity
(Khush 2002). Current research applies DNA-based markers
in plum genetic diversity analysis: markers include random
amplified polymorphic DNA (RAPD) (Liu et al. 2006; Ben
Tamarzizt et al. 2015); simple sequence repeats (SSRs) (Pop
et al. 2018; Zhang et al. 2018; Acuña et al. 2019); and inter-
simple sequence repeats (ISSRs) (Liu et al. 2007; Wu et al.
2019). DNA-based marker assessments showed that Chinese
plums can generally be classified into two major groups: the
southern cultivar group (SCG) and the northern cultivar group
(NCG) (Liu 2005; Wei et al. 2019). A palynology study
showed that the P. salicina system in South China was more
primitive than that in North China, with the spread of
P. salicina taking place from the south to the north (Guo
2006). A cultivar clustering approach, however, is inadequate
for the integrated study of genetic diversity of the Chinese
plum. Advances in next-generation sequencing (NGS) tech-
nologies, involving genotyping by sequencing (GBS), provide
a great wealth of information that makes it possible to identify
thousands of single nucleotide polymorphisms (SNPs). This
information, after adequate filtering, allows to carry out de-
tailed genetic diversity studies (Elshire et al. 2011; Salazar
et al. 2019; Zhebentyayeva et al. 2019). Whole-genome
resequencing can be used to obtain more SNP datasets for
Prunus species. In the case of the peach, large-scale SNP
data-based diversity analysis has boosted the deciphering of
the evolution and domestication of peach germplasm re-
sources (Cao et al. 2014; Li et al. 2019).

The present study was the first in which we used SNP
markers generated from high depth whole-genome
resequencing data (an average depth of ~20×) to elucidate
the pattern of genetic diversity, population structure, and do-
mestication of a diverse P. salicina collection. An in-depth
understanding of such genetic relationships could benefit
plum germplasm conservation and utilization and lead to
new cultivar improvement.

Materials and methods

Plant materials

A diverse collection of 67 Prunus spp. accessions, including
65 P. salicina accessions and two P. simonii accessions, was
selected for the whole-genome resequencing study (Table S1).
These trees were accessed at the NGRPA located in Xiongyue
county, Liaoning Province, China (40° 18′ N, 122° 16′ E) at a
planting density of 3.0 × 4.0 m, trained to the open vase
system with three or four main branches, and maintained un-
der conventional management and pest control operations.

DNA extraction, library preparation, and sequencing

Genomic DNAwas isolated from young, healthy leaf samples
of 67 accessions using a modified cetyl trimethylammonium
bromide (CTAB) protocol (Doyle and Doyle 1990). The qual-
ity and integrity of the DNA were examined using a
NanoDrop® spectrophotometer (ND-1000, Thermo Fisher
Scientific Inc., USA), followed by electrophoresis in 1% aga-
rose gels. Quantification of the DNA samples was performed
using Qubit™ (2.0 Fluorometer, Invitrogen, Carlsbad, CA,
USA).

High-molecular-weight DNA aliquots with 230/260 and
260/280 ratios ranging between 1.8–2.0 and 1.8–2.2, respec-
tively, were then sent to BGI (Shenzhen, China) for library
construction and sequencing. The insert size of the libraries
was 500 bp, and the length of the pair-end reads was 150 bp.
All libraries were sequenced using the Illumina HiSeq 2500
platform (Illumina, San Diego, CA, USA).

Read mapping, SNP calling, and SNP annotation

The qualified paired-end reads of each accession were aligned
against the peach reference genome v2.0 (Verde et al. 2013)
using BWA v0.7.12-r1039 with the parameters mem -t 4 -k 32
–M (Li and Durbin 2010), and SNPs were identified using
SAMtools v1.4 (Li et al. 2009). Low-quality SNPs were fil-
tered out by minimum minor allele frequency (mnMAF <
0.01) and missing data per site (MDpS > 10%), and finally
converted into a variant call format file (VCF). Gene-based
SNP annotation was performed using the ANNOVAR pack-
age v2018-04-16 (Wang et al. 2010). Based on the reference
genome annotation, SNPs were categorized as occurring in
exonic regions (overlapping with a coding exon); intronic re-
gions (overlapping with an intron); upstream and downstream
regions (within a 1 kb region upstream or downstream from
the transcription start site); or intergenic regions. Additionally,
heterozygosity was calculated using VCFtools v0.1.14
(Danecek et al. 2011).
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Population structure analysis

TreeBeST v1.9.2 software was used to calculate the distance
matrix (Vilella et al. 2009). RAxML v8.2.12 was used to
construct the maximum likelihood (ML) phylogenetic tree,
and 1000 bootstrap replicates were used (Stamatakis 2014).
The resulting phylogenetic tree was visualized using MEGA
v5.05 (Tamura et al. 2011).

The principal component analysis was performed using
PLINK v1.07 software with default parameters (Purcell et al.
2007).

We used ADMIXTURE v1.23 to infer population structure
(Alexander et al. 2009). To identify the best genetic clustersK,
cross-validation error was tested for eachK value from 2 to 10.
The termination criterion was 1e−6 (stopping when the log-
likelihood increased by less than 1e−6 between iterations).

Linkage disequilibrium (LD) analysis

Linkage disequilibrium (LD) was calculated using SNPs with
MAF greater than 0.05, using PLINK v1.07 software with the
following settings: –file –r2 –ld-window 99999 –ld-window-
kb 200 –out. The LD decay was calculated based on the
squared correlation coefficient (r2) values between the two
SNPs and the physical distance between the two SNPs
(Purcell et al. 2007).

Gene flow analysis

The TreeMix software v1.13 was used to evaluate the gene
flow among different groups with the parameters -se-
bootstrap-k 1000 -m, where the number (-m) varied from
one to three (Pickrell and Pritchard 2012).

Genetic diversity and differentiation analysis

To evaluate the genetic diversity and differentiation, we used a
100-kb sliding window with a step size of 10 kb to calculate
the number of private alleles (AP); observed heterozygosity
(Ho); expected heterozygosity (He); nucleotide diversity (π);
Tajima’s D value; Wright’s F-statistic (FIS); and population
differentiation statistics (fixation index, FST) using VCFtools
v0.1.14 (Danecek et al. 2011).

Results

Marker development based on whole-genome
resequencing

The 67 plum accessions representing different geographic and
morphological characteristics (Table S1) were sequenced
using the IlluminaHiSeq 2500 platformwith a sequence depth

higher than 20×; a total 462.6 Gb of clean data was retained
with an average of 6.9 Gb for each accession after filtering out
low-quality reads. The quality of the sequencing data was high
with a Q30 > 85%, and the GC content fluctuating slightly
around 38.0%. The mapping rate to the peach genome ranged
from 85.73 to 88.57%, with an average of 87.49% (Table S1).
This result indicated a high level of collinearity between the
genomes of Chinese plum and peach.

We called SNPs with unique mapped reads, using SAMtools
v1.4 software; a total of 16,600,033 SNPs and 2,107,664 indels
were identified across the 67 accessions. After filtering out those
of low quality, we obtained 14,549,234 SNPs that would ensure
the accuracy and reliability of subsequent genetic diversity and
population structure analyses (Fig. 1). Approximately 43.81% of
the SNPs were located in intergenic regions, and 10.52%were in
coding regions. The non-synonymous to synonymous substitu-
tion ratio (dN/dS) for the SNPs in the coding regions was 1.32.
Transitions were found in 59.58% (10,315,764/16,600,033),
with a transition/transversion ratio (Ts/Tv ratio) of 1.47 (Fig. 1,
Table 1).

Phylogenetic and population structure

To explore the relationships among the Chinese plum acces-
sions, a neighbor-joining phylogenetic tree of the 67 acces-
sions was constructed using all SNPs (Fig. 2a). The phyloge-
netic tree classified the accessions into four main groups,
which corresponded to their respective origin locations: (1)
the southern cultivar group (SCG), comprising plum cultivars
from Sichuan, Guizhou, Yunnan, Guangdong, Guangxi,
Zhejiang, and Fujian Provinces; (2) the northern cultivar
group (NCG), comprising plum cultivars mainly from
Hebei, Henan, Shandong, Shaanxi Province, and the southern
part of Liaoning Province; (3) the foreign cultivar group (FG),
including plum cultivars from the USA and Japan; and (4) the
mixed cultivar group (MG), comprising newly bred cultivars
from the NGRPA and several cultivars originated SCG and

Table 1 Statistics of variations across different chromosomes

Categories Numbers Ratio

Raw SNPs 16,600,033 88.73%

Indels 2,107,664 11.27%

Filtered SNPs 14,549,234 87.65%

Intergenic regions SNPs 7,272,007 43.81%

Coding regions SNPs 1,745,725 10.52%

Transition 10,315,764 59.58%

Transversion 6,999,126 40.42%

Transition/transversion -- 147.00%

Non-synonymous SNPs 993,073 6.83%

Synonymous SNPs 752,652 5.17%
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FG. Notably, we found that “Saozouli” and “Shuili” cultivars,
collected from South China, were clustered with the NCG;
“Zaohuangli” and “Jinshali” with the FG; and “Wanshu
huanai,” “Huahongli,” and “Abazhou meiguili” with the
MG. These SCG samples showed some degree of correlation,
suggesting a close relationship between the SCG and others
groups. The results showed that the other groups potentially
originated from the SCG.

A population genetic structure analysis was performed,
based on high-quality SNPs. We employed 5-fold cross-vali-
dation to infer the number of ancestral populations, K (Fig. 2b
and Figure S1). When the K value was 2–4, the NCG exhib-
ited a consistent genetic constitution with the SCG, suggesting
that the NCG was derived from the SCG and, to some extent,
had also undergone environmental/human selection. The pop-
ulation structure of the SCG was complex, especially when
the K value was higher, suggesting a higher genetic diversity

in the SCG, which was consistent with the π value analysis
(Fig. 3b). For the FG, we found that the population structure
was relatively independent, compared with the SCG and
others. Thus, we postulated that the existence of intra-
species hybrids in the FG group led to a highπ value (Fig. 3b).

To further confirm the relationship among the cultivars, we
performed principal component analysis (PCA) of the 67
plum accessions (Fig. 2c). As shown in the principal
component plot for the first two principal components,
the NCG exhibited a relatively close relationship with
the SCG, which was consistent with the phylogenetic
tree and population structure analysis. As shown in
Table 1, a large number of rare alleles were lost in
the NCG population. Therefore, we deduced that the
NCG could be considered to be a more independent
subgroup of the SCG and might have been derived from
a specific ecotype.

Fig. 1 The statistics of markers generated from the whole-genome
resequencing of the 67 plum accessions. a The chromosome-scale SNP
distribution. b The distribution of transition/transversion ratio (Ts/Tv

ratio). c The counts of different types of transitions and transversions. d
The counts of genome-wide insertions and deletions
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Genetic diversity, differentiation, and inferred
evolutionary path

As shown in Table 2, the expected heterozygosity (He) of the
Prunus populations varied between 0.234 and 0.304; the ob-
served heterozygosity (Ho) of the Prunus populations ranged
between 0.328 and 0.429; Wright’s F-statistic (FIS) of the
Prunus populations varied between −0.241 and −0.146; the
number of private alleles (AP) in the Prunus populations var-
ied between 546 and 31,285; and the nucleotide diversity (π)
ranged between 0.00358 and 0.00467. The mean nucleotide
variation of P. salicinawas higher than that of other perennial
crops, such as peach (π = 0.0015) (Verde et al. 2013), cassava
(π = 0.0026) (Kawuki et al. 2009), and apricot (π = 0.0027)
(Li et al. 2020), but was lower than that of date palms (π =
0.0092) (Hazzouri et al. 2015). The Tajima’s D values of the
four groups all tested positive (1.002–1.497) and were signif-
icantly different from zero. Thus, the null hypothesis of neu-
tral evolution was rejected. As shown in Fig. 3a, the LD decay
rate was fastest in the SCG and slowest in the FG, which

indicated that genetic recombination in the FG was difficult
because of the narrow genetic origin of the artificial hybrid
cultivars in the group.

The FST values of the four groups varied between 0.0485
and 0.1303 (Fig. 3). The FST values of theMG-FG,MG-SCG,
and SCG-NCG pairs were relatively lower among all the
group pairs analyzed, indicating that the genetic differences
within populations were higher than those between popula-
tions and that there was possible genetic exchange between
populations. The FST value between the NCG and FG groups
was the highest of all the groups analyzed, possibly because of
geographical isolation, low gene flow between populations,
and significant genetic differences.

We analyzed the gene flow between the four geographic
groups (Fig. 4b, c). Allowing one or two migration events (m
= 1 or 2), we observed that gene flow occurred between the
SCG and FG accessions, a likely reflection of their many
shared genomic components due to hybridization in their do-
mestication and breeding histories. Considering the geograph-
ical locations of the SCG and NCG, although these two

Fig. 2 The population structure of the 67 plum accessions. a
Neighboring-joining phylogenetic tree constructed using SNPs at four-
fold degenerate site. Each group was color coded. b Bayesian model-
based clustering of the 67 plum accessions with the number of ancestry

kinship (K) from 2 to 10. c Principle Component Analysis (PCA) of the
67 plum accessions. FG, the foreign cultivar group; MG, the mixed cul-
tivar group; SCG, the southern cultivar group; NCG, the northern cultivar
group
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ecological groups were close to each other, we found no gene
flow between them, indicating a relatively independent do-
mestication process.

Discussion

SNPs have become essential as markers for research in plant
genetics because they occur in high frequencies, display a
lower mutation rate compared to SSR-based markers, and
are uniformly distributed across genomes (Carrasco et al.
2018). The NGS technologies allow discovery of large num-
bers of SNPs for extensive genetic studies at relatively low-
cast. The technologies include within-species diversity analy-
sis; linkage map construction; and genome-wide association
studies (GWAS), which have led to significant advances in
plant genetics and breeding (Cao et al. 2016; Li et al. 2019;

Pinosio et al. 2020). The genus Prunus has shown conserved
intraspecific and intragenic collinearity in the Rosaceae fam-
ily, with the peach being considered a model species for the
genus Prunus for multiple types of genetic research (Arús
et al. 2012; Carrasco et al. 2018; Marti et al. 2018). Zhang
et al. (2020) found that the correlation of eight chromosomes
was greater than 0.8, indicating a high level of collinearity
between the Japanese plum and peach genomes. A recently
released plum genome has been published, and collinearity
analysis has shown that the assembled genomes of the plum
also exhibit a high level of genome synteny with the peach
(Liu et al. 2020). For the first time, we obtained an average of
6.9 Gb of high-quality data for each acquisition based on
whole-genome resequencing, where the mapping rate of 67
plum accessions with the peach genome sequence was above
85%. This result indicates that the peach genome sequence is
highly effective as the reference genome of Chinese plum, and

Fig. 3 The genetic diversity of
different groups. a The decay of
linkage disequilibrium (LD)
measured as the squared correla-
tion coefficient (r2) by pairwise
physical distance. b The nucleo-
tide diversity (π) of different
groups. c The genetic differentia-
tion analysis between groups. The
values between pairs indicate
population divergence (FST). FG,
the foreign cultivar group; MG,
the mixed cultivar group; SCG,
the southern cultivar group; NCG,
the northern cultivar group

Table 2 The statistical values of
genetic diversity within different
populations

Groups Private allele
number (Ap)

Observed
heterozygosity
(Ho)

Expected
heterozygosity
(He)

Nucleotide
diversity (π)

Wright’s F-
statistic (FIS)

Tajima’s
D

FG 31,285 0.4290 0.3036 0.00467 −0.2411 1.4974

MG 30,112 0.3658 0.2846 0.00433 −0.1560 1.0094

SCG 27,287 0.3365 0.2606 0.00395 −0.1460 1.0022

NCG 546 0.3280 0.2336 0.00358 −0.1829 1.3211
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that the SNPs that were used ensure accurate and comprehen-
sive population genetic analysis.

Based on the high-quality SNPs, the 67 plum accessions in
this study were divided into four groups, the SCG, NCG, FG,
and MG. The classification into these four groups was sup-
ported by the phylogenetic tree, population structure analysis,
and PCA results, which partly aligned with the findings of a
previous study which used RAPD, ISSR, and SSR markers
(Liu et al. 2006; Liu 2005; Wei et al. 2019). We noticed that
several cultivars from the southern part of China, present in
the SCG, were distributed in the other three groups (Fig. 2a).
We speculated that, for the SCG, the genetic background was
relatively broader. Additionally, the fruit weight of the south-
ern cultivars exhibited the highest genetic variation a previous
analysis of the phenotypic variation of 405 plum accessions
(Yu et al. 2011). The π, Ho, and He of the SCG, calculated
with SNPs in our study, were higher than those of the NCG,
corresponding to the higher genetic diversity of the SCG. This
finding showed that gene exchange in the SCG was more
frequent than in the other cultivar groups.

It was originally speculated from historical records that the
Chinese plum originated in the Yangtze River basin in China
(Hartmann and Neumulle 2009). A palynological study
showed that the P. salicina in South China is more primitive
than that in North China (Guo 2006). Chinese plums cultivat-
ed in southwest China were tested with high genetic diversity
using SSR markers (Wei et al. 2019): the high Shannon index
of diversity, the high value of average sufficient allele, and the
high expected heterozygosity, combined with the fact that
there were wild plum populations discovered in Yunnan,
Sichuan, and Guizhou Provinces, suggested high genetic
diversity (Wei et al. 2020). In the present study, the ge-
netic diversity of the SCG was higher than that of the
NCG, while some cultivars from the southwest region
were distributed in the other three groups. We therefore
suggest that southwestern China was a primitive domesti-
cation center of the Chinese plum; the genetic diversity of
the SCG was lower than that of the FG and MG, which
could be explained by the presence of artificially hybrid-
ized cultivars in the FG and MG.

Fig. 4 The inferred evolutionary
path (a) and gene flow analysis
between populations as inferred
by TreeMix using a model with
one (b) and two (c) admixture
events. Admixtures are colored
according to their weight. FG, the
foreign cultivar group; MG, the
mixed cultivar group; SCG, the
southern cultivar group; NCG, the
northern cultivar group
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The clustering results in Fig. 2a showed that, for the five
newly bred cultivars from the NGRPA in the MG, one of their
parents was from the USA (“Blackamber,” “Friar”) or Japan
(“Akihime”) and the other parent was native to China, and also
that gene flow occurred between the SCG and FG (Fig. 4). Thus,
we assumed that the MG cultivars were genetically related. As
mentioned in other studies, including a dendrogram analysis (Liu
et al. 2006; Liu et al. 2007; Wei et al. 2019), most of the Chinese
plumcultivars fromJapan and the improvedChinese plumhybrids
from the USA were distributed across the Chinese indigenous
plum group. The P. salicina-predominant genetic components of
improved Chinese plum hybrids (Faust and Suranyi 1999) the
view that plum cultivars, originating in China, were initially intro-
duced to Japan, and then exported from Japan to the USA in 1870
by Luther Burbank (Hartmann and Neumulle 2009).

Genetic differentiation between populations is considered
moderate when the FST value is higher than 0.05, and highly
differentiated when the FST value is higher than 0.15 (Xu
2009). In our study, the NCG-FG pair possessed the highest
FST value, followed by the SCG-FG pair. In contrast, the FST
value of the MG-FG was significantly lower, as there were
five newly selected plum cultivars by the NGRPA in the MG
with foreign lineage from the FG. Human intervention, artifi-
cially selecting favorable phenotypic traits to enhance produc-
tion and improve desirable agronomic traits, can reduce the
levels of genetic variability and skew allele frequencies
(Tajima 1989).

The present study is the first in which we constructed high-
quality SNPs from 67 accessions in the Chinese plum by whole-
genome resequencing, with the peach genome as the reference.
Our findings show that the domestication center of origin of the
Chinese plum was in the southwest region of China. This study,
in providing genetic variation features of plum cultivars and an
analysis of their genetic diversity and population structure, lays a
foundation for breeders to use diverse germplasm and allelic
variants to improve Chinese plum varieties.
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