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Abstract

Background: Mei (Prunus mume Sieb. et Zucc.) is a famous ornamental plant and fruit crop grown in East Asian
countries. Limited genetic resources, especially molecular markers, have hindered the progress of mei breeding
projects. Here, we performed low-depth whole-genome sequencing of Prunus mume ‘Fenban’ and Prunus mume
‘Kouzi Yudie’ to identify high-quality polymorphic markers between the two cultivars on a large scale.

Results: A total of 1464.1 Mb and 1422.1 Mb of ‘Fenban’ and ‘Kouzi Yudie’ sequencing data were uniquely mapped
to the mei reference genome with about 6-fold coverage, respectively. We detected a large number of putative
polymorphic markers from the 196.9 Mb of sequencing data shared by the two cultivars, which together contained
200,627 SNPs, 4,900 InDels, and 7,063 SSRs. Among these markers, 38,773 SNPs, 174 InDels, and 418 SSRs were
distributed in the 22.4 Mb CDS region, and 63.0% of these marker-containing CDS sequences were assigned to GO
terms. Subsequently, 670 selected SNPs were validated using an Agilent’s SureSelect solution phase hybridization
assay. A subset of 599 SNPs was used to assess the genetic similarity of a panel of mei germplasm samples and a
plum (P. salicina) cultivar, producing a set of informative diversity data. We also analyzed the frequency and
distribution of detected InDels and SSRs in mei genome and validated their usefulness as DNA markers. These
markers were successfully amplified in the cultivars and in their segregating progeny.

Conclusions: A large set of high-quality polymorphic SNPs, InDels, and SSRs were identified in parallel between
‘Fenban’ and ‘Kouzi Yudie’ using low-depth whole-genome sequencing. The study presents extensive data on these
polymorphic markers, which can be useful for constructing high-resolution genetic maps, performing genome-wide
association studies, and designing genomic selection strategies in mei.
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Background
Mei (Prunus mume Sieb. et Zucc., 2n=2x=16) is a member
of Rosaceae, sub-family Prunoideae [1]. It originated in
southwestern China, and has been cultivated in China for
more than 3000 years [1]. Presently, it is also widely culti-
vated in other East Asian countries such as Japan and
Korea [1,2]. Mei blossoms possess many conspicuous
ornamental characteristics, such as vibrantly colored co-
rollas and various types of flowers. Mei is characterized
by an inherent tolerance to low temperatures (−4 to −2°C),
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which allows this species to flower in winter or early
spring when most other ornamental plants are still dor-
mant [1,2]. Therefore, it has been widely cultivated as an
early-blooming garden ornamental plant. Mei can also be
converted into many useful products, including salted mei,
mei wine, and juice, which are considered to have import-
ant nutritional and medicinal value [2]. All of the above
mentioned three products are extensively consumed in
East Asian countries [2]. There is an urgent need to cul-
tivate new mei varieties with enhanced ornamental and
nutritional value, suitable for consumer needs. However,
traditional mei breeding is relatively cumbersome, tedious,
and time-consuming. This is mainly because mei is a
woody perennial that takes a long time to reach its repro-
ductive age. Recently, DNA markers have been used to
analyze genetic diversity, distinguish varieties, and construct
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genetic maps [3-6]. However, quantitative trait locus (QTL)
analysis, genome-wide association studies (GWAS), and
genomic selection studies are impeded due to the limited
availability of sufficient DNA markers.
With the advent of NGS technologies, entire genomes

have been sequenced more efficiently and economically
than ever before. The alignment of the short reads obtained
from different varieties of mei, to the reference genome,
has provided the perfect opportunity to identify a large
number of polymorphic DNA markers in parallel, including
SNPs, InDels, and SSRs, which are well known in crop
species such as rice [7], eggplant [8], watermelon [9],
and Chinese cabbage [10]. However, the heterozygous
complexity of the genome of ornamental plants and the
cost of whole genome deep-coverage sequencing are
limiting factors in the genome-wide identification of DNA
polymorphisms using massively parallel sequencing tech-
nology. Recently, the availability of the mei shotgun gen-
ome assembly [5], which was completed using the Solexa
platform, facilitated the discovery of massive numbers
of polymorphic DNA markers and the identification of
genome-wide variants.
SNPs, InDels, and SSRs are important DNA markers

due to their abundance, stability, codominance, efficiency,
and ready automation. They have been widely useful for
analysing genetic diversity, constructing high-density
genetic maps, performing GWAS, and designing gen-
omic selection strategies in many organisms [9,11-14].
For example, high-resolution genetic map have been
constructed to anchor the assembly sequences of water-
melon using SSRs, InDels, and SVs, all found using
whole-genome resequencing [9]. An initial map of hu-
man InDel variation was constructed using DNA
resequencing traces to identify polymorphisms that can
influence human diseases [12]. One study on GWAS in
maize indicated that SNPs can be associated with a
phenotype ascribed to linkage disequilibrium (LD) [13].
Recently, a genetic map containing 1,484 SNP markers
was constructed using RAD strategy in a segregating F1
population derived from Prunus mume ‘Fenban’ and
Prunus mume ‘Kouzi Yudie’ which anchored 83.9% as-
sembly sequences of mei genome [5]. However, the
remaining 16.1% assembly sequences of mei genome
have not been anchored. These SNPs were distributed
unevenly across each chromosome, suggesting that some
regions had fewer SNPs than others [5].
In the present study, we obtained a large number of

putative polymorphic markers including SNPs, InDels
and SSRs between ‘Fenban’ and ‘Kouzi Yudie’ by using
low-depth genome sequencing of the two mei cultivars.
We also identified the frequency and distribution of
these markers in different regions of eight mei pseudo-
chromosomes. In addition to the validation of the SNPs
using Agilent SureSelect liquid-based hybrid capture system,
InDels and SSRs were also partially validated by actual
use as DNA markers. The information described here
can be used to construct fully integrated maps of natural
genetic variation that include SNPs, InDels, and SSRs.
The maps can be used to identify polymorphisms that
directly influence mei phenotypes. This information per-
mits novel observations that can be used in mei genetics
and breeding projects.

Results and discussion
Sequence mapping and detection of polymorphic
DNA markers
Low-depth whole-genome sequencing of Prunus mume
‘Fenban’ and Prunus mume ‘Kouzi Yudie’ was performed
using Illumina Genome Analyzer (GA) II instruments [5].
About 2.2 Gb of sequencing filtered data for ‘Fenban’
and ~2.3 Gb of data for ‘Kouzi Yudie’ were then aligned
to the mei reference genome using BWA software [15].
About 2.0 Gb and ~2.1 Gb of sequencing filtered data
were successfully mapped to the mei reference genome.
A total of 1464.1 Mb and 1422.1 Mb of sequencing data
were uniquely mapped to the mei reference genome and
translated into ~6-fold coverage of the mei assembly se-
quences (237 Mb), respectively (Figure 1) [5]. Ultimately,
we identified a large set of putative polymorphic DNA
markers in the shared 196.9 Mb of the two cultivar se-
quence datasets. They covered 83.1% of the mei assembly
sequences (~237 Mb).
The putative polymorphic markers were classified into

three types: SNPs, in which a single nucleotide was altered
at a specific location in one of the two cultivars [16];
InDels, in which one phenotype had a stretch of nucleo-
tides not present in the other [16]; and SSRs, in which
repeat motifs showed different lengths in the two cultivars.
Using fairly stringent criteria (see Methods), we identified
200,627 SNPs, 4900 InDels, and 7,063 SSRs in the two
cultivars (Additional files 1, 2, 3), and 89.2% SNPs, 90.8%
InDels, and 86.9% SSRs were identified in eight pseudo-
chromosomes of the mei genome (Table 1). The aver-
age densities of these markers were 899 SNPs/Mb,
22 InDels/Mb, and 31 SSRs/Mb in the eight pseudo-
chromosomes. These markers, which were found in the
pseudo-chromosomes, were used to increase the reso-
lution of the genetic map based on the ‘Fenban’ and
‘Kouzi Yudie’ F1 segregating population. This map was
constructed using the previously described RAD strategy
[5]. About 83.9% of the assembled sequences were an-
chored to eight pseudo-chromosomes of the mei genome
using the genetic map [5]. Hence, the remaining markers
(21,755 SNPs, 452 InDels, and 928 SSRs), which were not
detected in the pseudo-chromosomes, will be used to
anchor other assembled sequences in the near future.
The number of polymorphic DNA markers varied

across each pseudo-chromosome. The highest number of



Figure 1 Sequence depth distribution of ‘Fenban’ (a) and ‘Kouzi Yudie’ (b).
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SNPs (40,350) and SSRs (1,376) was observed in pseudo-
chromosome 2. This was 3.6-fold higher than the number
of SNPs (11,360) found in pseudo-chromosome 8 and
2.7-fold higher than the number of SSRs (502) in pseudo-
chromosome 8, which had the fewest SNPs and SSRs. The
highest number of InDels (895) was observed in pseudo-
chromosome 2. This was 2.6-fold more than the number
of InDels (344) detected in pseudo-chromosome 7, which
had the fewest (Table 1). The marker distribution of
individual pseudo-chromosomes was uneven, as in rice
[7]. This result can be attributed to the variations in
chromosome size in the mei genome. Pseudo-chromosome
2 was found to be 42.1 Mb in size, which was 2.5-fold the
size of pseudo-chromosome 7 (17.1 Mb) and was 2.4-fold
that of pseudo-chromosome 8 (17.3 Mb) (Table 1).
The average density of these markers was also different

in each pseudo-chromosome. We calculated the number
of these markers within a 0.1 Mb sliding window across
the genome to compare their distribution and frequency
Table 1 Distribution of polymorphic DNA markers present i
pseudo-chromosomes

Pseudo-chromosome No. of SNPs No. o

Pseudo-chromosome 1 25,395 (941) 596

Pseudo-chromosome 2 40,350 (961) 895

Pseudo-chromosome 3 27,111 (1,084) 548

Pseudo-chromosome 4 20,975 (874) 552

Pseudo-chromosome 5 20,446 (786) 545

Pseudo-chromosome 6 19,016 (906) 516

Pseudo-chromosome 7 14,219 (836) 344

Pseudo-chromosome 8 11,360 (668) 452

Total 178,872 (899) 4,44

Note: The numbers in parentheses indicate the mean numbers of SNPs, InDels, and
in each pseudo-chromosome (Figure 2). The distribution
of polymorphic DNA markers was not homogeneous
within pseudo-chromosomes. This was especially true of
the distribution of SNPs. For example, 58 high-density
regions with > 1000 SNPs/Mb, and 12 low-density regions
with < 500 SNPs/Mb were identified in mei pseudo-
chromosomes (Figure 2 and Additional file 1). All pseudo-
chromosomes except pseudo-chromosome 8 were found
to have regions with several markers, and regions in which
these markers were scarce. For example, on pseudo-
chromosome 2, the region from 27 Mb to 28 Mb
contained 2,123 SNPs, 34 InDels, and 50 SSRs, but the
region from 15 Mb to 16 Mb had only 488 SNPs, 15 InDels,
and 17 SSRs (Additional files 1, 2, 3). We found that
these markers were more common in intergenic regions
than in coding sequence (CDS) regions (Figure 2 and
Additional files 1, 2, 3). This result was consistent with
those reported in previous studies in rice [7,17] and maize
[18]. The uneven distribution of markers in different parts
n both ‘Fenban’ and ‘Kouzi Yudie’ on eight mei

f InDels No. of SSRs Physical size (Mb)

(22) 798 (30) 26.8

(21) 1,376 (33) 42.1

(22) 764 (31) 24.6

(23) 789 (33) 24.0

(21) 760 (29) 25.8

(25) 584 (27) 21.3

(20) 562 (33) 17.1

(27) 502 (29) 17.3

8 (22) 6,135 (31) 199.0

SSRs detected per 1 Mb genome sequence.



Figure 2 Distribution of polymorphic DNA markers between ‘Fenban’ and ‘Kouzi Yudie’ in the mei pseudo-chromosomes. All tracks are
plotted in 100 Kb windows. The y axis ranges from 0 to 100%. (a) GC content shown in black; (b) Gene density shown in blue; (c) SSR density
shown in red; (d) InDel density shown in cyan; (e) SNP density shown in purple; (f) Numbers of SNPs validated in a SNP array, shown in yellow.
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of the genome could be ascribed to the functional im-
portance of these markers in CDS regions, which ex-
perience more negative selective pressure than intergenic
regions [19].

Annotation of SNPs, InDels, and SSRs
A total of 200,627 SNPs, 4,900 InDels, and 7,063 SSRs
were annotated using the Mei Annotation Project Data-
base release (http://prunusmumegenome.bjfu.edu.cn). The
polymorphic markers showed only minimal distribution
in CDS regions (Additional files 1, 2, 3). Only 38,773 SNPs
(19.3% of the total), 174 InDels (3.6% of the total), and 418
SSRs (5.9% of the total) were distributed in the 22.4 Mb
CDS region (Additional files 1, 2, 3). There were more
SNPs than InDels or SSRs in CDS regions. This difference
can be explained by the fact that InDels and SSRs are
more deleterious than SNPs in CDS regions, as indicated
by InDels and SSRs that cause frame shift mutations
and amino acid substitutions that have major changes
to gene function [19,20]. However, SNPs often produce
synonymous mutations that have little or no impact on
gene function [21]. In our study, among the 38,773
SNPs, 28,020 SNPs were synonymous and 10,753 SNPs
were nonsynonymous. The ratio of nonsynonymous to
synonymous substitutions was 0.38, which is lower than
that of Arabidopsis (0.83) [22], rice (1.29) [17], and soy-
bean (1.61) [23]. It is possible that this difference have been
caused by strong purifying selection at nonsynonymous
sites of SNPs in CDS regions of mei. However, a more
convincing explanation is essential with increasing recog-
nition of mei as a study material for woody plants.
Despite the relatively low abundance, 63.0% (9,557 in

total) of these marker-containing CDS sequences were
assigned to one or more functional annotations [Gene
ontology (GO) terms] [8]. These annotations covered all
the three top-level categories, specifically biological process,
cellular component, and molecular function. There were
17,148 GO terms associated with biological process,
5,204 with cellular component, and 22,586 with molecu-
lar function (Figure 3 and Additional file 4). Among bio-
logical process ontology, metabolic process (25.0%) and
cellular process (20.8%) formed the largest categories.

http://prunusmumegenome.bjfu.edu.cn


Figure 3 GO term representation (%) of 9,557 CDS containing DNA polymorphic markers.
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Under the cellular component ontology, the major pro-
portion of terms fell into the membrane (26.6%) category.
However, 11,424 (50.6%) genes of the molecular function
ontology were involved in binding activity (Figure 3). The
present study provides a large set of polymorphic markers
associated with functional genes and our results may
facilitate MAS-directed breeding in mei.

Use of SNP markers on arrays
Whole-genome sequencing allowed us to detect 200,627
candidate SNP markers in ‘Fenban’ and ‘Kouzi Yudie’.
The density of these SNP markers was 847 SNPs/Mb
in mei assembly sequences, which was notably lower
Figure 4 Transitions and transversions occurring within a set of 200,6
than that in potato (11,494 SNPs/Mb) [24] and sorghum
(2,299 SNPs/Mb) [25]; however, it is similar to that ob-
served in soybean (971 SNPs/Mb) [26]. There was a low
level of genetic polymorphism in the two cultivars, in
accordance with the perspective that the polymorphisms
of SNPs depend on germplasm types, genomic contexts,
and mating systems [27]. Most of the nucleotide variants
detected were transitions (61.1%), with transversions ac-
counting for 38.9% (Figure 4). The observed transition/
transversion (ti/tr) ratio was 1.57, which is consistent
with previous reports in potato (1.50) [24] and grape
(1.46) [28] but higher than that in soybean (0.92) [26].
The ti/tr ratio appeared to be high when levels of genetic
27 SNPs in mei.
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divergence were low and vice versa [29]. The relatively
high ti/tr ratio may be indicative of low levels of poly-
morphism between the two cultivars.
To validate the quality of identified SNPs for a geno-

typing system, we randomly selected a set of 670 SNPs,
which were assembled into an Agilent’s SureSelect solu-
tion phase hybridization assay. The 670 SNPs contained
581 SNPs at an average spacing of about 340 Kb widely
distributed across eight mei pseudo-chromosomes and
89 SNPs located in assembly sequences which were not
anchored to any mei pseudo-chromosome (Figure 2 and
Additional file 5). The assay was then applied to 23 mei
cultivars and 1 plum cultivar (Table 2).
Captured DNA was sequenced on an Illumina GA II

instrument, generating 4.2 G sequencing data with 78 bp
reads from the 24 libraries that had been prepared with
the SureSelect method (NCBI database under accession
SRA063161), and 3.4 G reads passed through the Illumina
chastity filter to produce automatic allele calling for
each locus. Each library was sequenced to a specific
depth, providing a mean ~20-fold mapped coverage of
the targeted region. Of 670 SNPs, 89.4% (599 in total)
produced non-ambiguous data containing 513 SNPs dis-
tributed across eight mei pseudo-chromosomes and 86
SNPs located in assembly sequences that were not an-
chored to mei pseudo-chromosomes (Figure 2 and
Additional file 6). About 85.6% (513 in total) of the 599
SNPs were distributed across the mei pseudo-chromosomes
with an average of 64 SNPs per pseudo-chromosome,
ranging from a maximum of 117 on pseudo-chromosome
2 to a minimum of 38 on pseudo-chromosome 8 (Figure 2
and Additional file 6).
Polymorphic levels of the 599 SNP loci were estimated

using 23 mei cultivars and 1 plum cultivar (Additional
file 6). Polymorphism information content (PIC) values
ranged between 0.26 and 0.50 (mean 0.45), with 541 of
the markers producing PIC values > 0.4, a level which
Table 2 List of the cultivars utilized in the dendrogram

No. Cultivar name Type

1 ‘Shuangbi Chuizhi’ P. mume

2 ‘Zao Yudie’ P. mume

3 ‘Xiaohong Changxu’ P. mume

4 ‘Dayu Zhaoshui’ P. mume

5 ‘Fenyun Jiangmei’ P. mume

6 ‘Yi Nv’ P. mume

7 ‘Xiao Lve’ P. mume

8 ‘Nanjing Fuhuangxiang’ P. mume

9 ‘Guhong Chuizhi’ P. mume

10 ‘Hongyan Gongfen’ P. mume

11 ‘Taohong Zhusha’ P. mume

12 ‘Dan Fenghou’ P. mume
was suitable for biodiversity analyses. Generally, diversity
values [expected heterozygosity (He)] for SNPs are low
[30]. This is ascribed to their bi-allelic nature. In mei,
the observed heterozygosity (Ho) and He per locus varied
from 0.09 to 0.77 (mean 0.47) and from 0.26 to 0.51
(mean 0.46), respectively (Additional file 6). The mean
diversity value (0.46) was higher than the mean values
reported for grape (0.30) [28]. However, mei SNPs showed
lower diversity values than SSR (0.68) markers [31]. This
is a potential drawback of SNPs, but it can be overcome
by using a large numbers of markers.
These SNPs were used to construct a dendrogram for

the diverse cultivars of mei and one genotype of plum.
The results showed the presence of three major clades
(Figure 5). Major clade Ι contained the True Mume
Branch (P. mume), which is believed to have evolved ex-
clusively from mei without the introgression of foreign
genes [1]. Although there were three subgroups (a-c) in
the True Mume Branch, most of the cultivars in the
subgroups with similar traits did not form groups. Only
‘Jiangmei’ and ‘Fenyun Jiangmei’ of similar traits were
grouped together; the same is true for ‘Xiao Lve’ and
‘Danban Lve’. Traits such as plant type, flower type, and
flower color are used to differentiate mei cultivars in
production [1]. Results demonstrated that mei cultivars
possessed a similar genetic pedigree and this conclusion
was consistent with those of previous studies [32]. Clade
II included the Apricot Mei Branch (P. mume var. bungo)
consisting of the hybrids of mei and apricot [1]. Our
results confirmed the findings of previous studies re-
garding the hybrid nature of ‘Dan Fenghou’ and ‘Fen Hou’
using random amplified polymorphic DNA (RAPD) and
amplified fragment length polymorphism (AFLP) markers
[3,33]. Clade III was found to include plum, indicating a
relatively distant interspecies relationship between plum
and mei. This was consistent with the findings reported in
other studies. Internal transcribed spacer (ITS) sequences
No. Cultivar name Type

13 ‘Dayun Zhaoshui’ P. mume

14 ‘Jiang Mei’ P. mume

15 ‘Huang Jinhe’ P. mume

16 ‘Yudie Longyou’ P. mume

17 ‘Feng Hou’ P. mume

18 ‘Nanjing Hong’ P. mume

19 ‘Xiao Yudie’ P. mume

20 ‘Danban Lve’ P. mume

21 ‘Jinhong Chuizhi’ P. mume

22 ‘Danban Zhusha’ P. mume

23 ‘Fuban Tiaozhi’ P. mume

24 ‘Ao Li’ P. salicina



Figure 5 Phylogeny of 23 cultivars of mei and 1 cultivar of plum. The dendrogram is constructed using allele callings at 599 SNP loci. All the
cultivars were divided into three groups. Groups I–III are the True Mume Branch which contains three subgroups (a-c), Apricot Mei Branch, and
plum, respectively.
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and EST-SSR markers demonstrated that mei is differenti-
ated from plum species [4,34]. Together, these mei SNP
markers were found to be useful in the appraisal of genetic
relationships among diverse cultivars of mei and plum.

InDels as DNA markers
So far, a massive number of InDels have been generated
using the NGS platform. These markers ascribed to their
high polymorphisms and distribution throughout the gen-
ome have been applied to high-resolution genetic map-
ping, association studies, and map-based cloning [10,12,35].
However, the usefulness of InDels has not been explored in
mei genetic and genomic research.
Whole-genome sequencing can also be used to detect

InDel polymorphisms. A total of 4,900 InDels (1–6 bp)
including 2,469 insertions and 2,431 deletions were ob-
served in ‘Fenban’ and ‘Kouzi Yudie’ (Additional file 2).
They occurred at a frequency of 21 InDels/Mb in mei
assembly sequences. The frequency of different types
of InDels varied, showing a negative correlation to the
number of nucleotides. Mononucleotide InDels (2,517,
51.4%) were the most common type of InDels in genomic
regions, following by di- (1,070, 21.8%) and trinucleotide
InDels (486, 9.9%), as seen in Figure 6. Most of the InDels
in the CDS regions were tri- or hexanucleotides, which
could not have been caused by frame shifts as indicated by
the similar results detected in the rice, human, and mouse
genomes [7,36]. However, mononucleotides were always
the most common nucleotides in intergenic regions
(Figure 6 and Additional file 2). Out of the total, 2,557
InDels were identified in intergenic regions and 1748,
421, and 174 of these were distributed in introns, un-
translated regions (UTR), and CDS, respectively. Despite
the minimally abundant distribution within critical sites,
such as the CDS and UTR regions (12.1% of total InDels),
these InDels can alter mei phenotypes through a variety
of mechanisms.
To verify that these InDels were suitable for use as

new DNA markers, they were used to successfully design
PCR primers (Additional file 2). Twenty pairs of the InDel
primers labeled with fluorescent dyes were selected for
a survey of polymorphisms among P. mume ‘Fenban’



Figure 6 Distribution of the length of InDels in mei genome. The x-axis indicates the number of nucleotides of insertions (+) and deletions (−).
The y-axis indicates the number of InDels at each length in the CDS, UTR, intron, and intergenic regions.
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and P. mume ‘Kouzi Yudie,’ and five randomly chosen
segregating progeny from a cross between the two culti-
vars (Additional file 2). The PCR analysis indicated that
three of the 20 primer pairs produced no products
and that there were no polymorphisms among the map-
ping parents for the two of the 20 primer pairs. Fifteen
primers, which gave reliable and stable amplifications
and showed large numbers of polymorphisms, were
found suitable for use in the construction of a genetic
linkage map in the mapping population. However, a
detailed analysis of these polymorphic InDels revealed
that three showed longer insertions or deletions than
expected (Additional file 7). Krawitz et al. demonstrated
that a short sequence read including an InDel might be
aligned with mismatched bases instead of gaps [37]. They
accomplished this using a BWA short-read mapping tool,
which generated a high rate of variant bases at InDel
positions [37]. Thus, the mismatched InDels observed
in our study may be attributed to alignment with mis-
matched bases instead of gaps. As a result, the predicted
Table 3 Distribution of 7,063 putative polymorphic SSRs iden

Motif Counts % Average motif length Numbe

4

Mononucleotide 3,083 43.7% 15

Dinucleotide 2,835 40.1% 21

Trinucleotide 837 11.8% 16 358

Tetranucleotide 206 2.9% 19 122

Pentanucleotide 58 0.9% 22 43

Hexanucleotide 44 0.6% 26 32

Total 7,063 100.0% 20 555
InDel lengths were shorter than those observed by suc-
cessful PCR amplifications of fragments containing InDels.
The high ratio of successful InDel amplifications showed
that the detected InDel markers may be suitable for use
in the construction of genetic linkage maps.

SSRs as DNA markers
The SSRs were also detected in the sequences common
to both ‘Fenban’ and ‘Kouzi Yudie’ in a sequencing dataset
mapped to the mei reference genome. We identified 7,063
putative polymorphic SSRs between the two cultivars.
Mononucleotide repeats were the most common, with
3,083 (43.7%) found. They were followed by 2,835 di-
nucleotide repeats (40.1%) and 837 trinucleotide repeats
(11.8%) (Table 3). The frequency of SSRs decreased as the
repeat motifs increased in length. This was consistent
with previous studies in rice [38] and Brachypodium
[39]. The formation of SSRs can be attributed to the
major mechanism, the spontaneous creation of proto-
microsatellites from unique sequences by substitutions
tified between ‘Fenban’ and ‘Kouzi Yudie’

r of repeats

5 6 7 8 9 10 >10 Class I Class II

3,083 346 2,737

556 345 327 261 241 1,105 1,346 1,489

214 134 64 33 16 5 13 131 706

55 21 1 4 2 1 0 122 84

13 1 1 0 0 0 0 58 0

9 3 0 0 0 0 0 44 0

291 715 411 364 279 247 4,201 2,047 5,016
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and insertions [40] followed by elongations and expansions
of these proto-microsatellites by transposable elements
[41]. We speculate that the proto-microsatellites are
more likely to include short motifs than long motifs.
This could explain why mononucleotides were the most
abundant SSRs and why penta- and hexanucleotides
were rare.
SSR loci have been categorized into two classes based

on the lengths of SSR repeat motifs: hypervariable class I
SSRs (≥ 20 bp) and potentially variable class II SSRs
(≥ 12 bp and < 20 bp) [11]. Among the polymorphic SSRs
in the two cultivars, class II SSRs (5,016) were significantly
more common than the class I SSRs (2,047) (Table 3).
Similar patterns have been observed in rice [38] and
papaya [42]. These results can be attributed to the fact
that class II SSRs are composed of short repeats, which
are more tolerant to mutations than class I SSRs [42].
However, class I SSRs are more polymorphic than
class II SSRs, as demonstrated by the experimental data
reported for rice [38], Brachypodium [39], and papaya
[42]. Class II SSRs tend to be less variable because of their
smaller chance of slipped-strand mispairing over the
expansion of shorter SSR motifs than longer motifs [11].
On the basis of SSR motif length, the dinucleotide repeats
(1,346) were the most common motifs in class I SSRs,
as indicated by the reports from the five plant species
analyzed by Mun et al. [43]. Mononucleotides were the
most abundant in class II SSRs, which may be explained
by the fact that polymerase slippage rates are higher in
dinucleotides than in other repeat motifs. These results
are in accordance with the data from human [44] and
fruit fly SSRs [45].
Polymorphic SSRs with different repeat motifs were also

found in the two cultivars. The most common di- and tri-
nucleotide motifs were AG/CT (55.8%) and AAT/ATT
(35.5%); however, CG/CG was not observed in either
cultivar and CCG/CGG (0.6%) was rare (Additional file 8).
AT-rich polymorphic repeat motifs of SSRs were more
common than GC-rich repeat motifs in the mapping
parents, as indicated in previous reports from eggplant
[8] and papaya [42]. According to previous studies, the
(CTG)n, (CCG)n, (AT)n, and (GC)n, all of which have hair-
pin structures and self-complementary repeat motifs,
accumulate readily in the mei genome [46,47]. However,
methylated cytosine can mutate to thymine easily, which
may explain the scarcity of GC-rich repeats [48].
All of these polymorphic SSRs were used to design PCR

primers (Additional file 3). In order to assess the SSR
polymorphisms among the parental lines and five segre-
gating progeny, twenty pairs of SSR primers were designed
and labeled with fluorescent dyes. Eighteen pairs of 20
primers were used for the successful amplification, of
which fifteen pairs were suitable for constructing the
genetic map between the two cultivars (Additional file 9).
A few SSR primers could not be used for successful
amplification as indicated by null alleles, which may
have been generated by some mutations involving sub-
stitutions within primer binding sites and SSR deletions
[49]. However, the bulk of the primers could amplify the
SSRs successfully, demonstrating the large number of
polymorphisms. These observations provide insight into
the use of SSRs for the construction of high-resolution
genetic maps of mei cultivars in the near future.

Conclusion
In this study, we observed a large number of putative
polymorphic SNPs, InDels, and SSRs between ‘Fenban’
and ‘Kouzi Yudie’ using low-depth whole genome sequen-
cing, which present a new methodology and extensive
data. These putative polymorphic markers could facilitate
the construction of high-density genetic linkage maps,
and accelerate QTL analyses, GWAS, genomic selec-
tion, and MAS breeding programs in mei.

Methods
Plant materials and DNA extraction
Twenty-three mei cultivars from the mei germplasm bank
in the China Mei Flower Research Center (Wuhan city,
China) and one plum cultivar from the Beijing Botanical
Garden (Beijing city, China) were collected to perform
sequence capture using Agilent’s SureSelect solution phase
hybridization assay (Table 2). All DNA samples were
extracted from young leaves using the plant genomic
DNA extraction Kit (TIANGEN, Beijing, China) follow-
ing the manufacturer’s protocol.

Sequence mapping and SNP calling
The genome sequences for P. mume ‘Fenban’ and P. mume
‘Kouzi Yudie’ were downloaded from NCBI database
under accession SRA057102. All sequences were aligned
to the mei reference genome (http://prunusmumegenome.
bjfu.edu.cn./) using BWA software (ver. 0.5.1) [15] with
the cutoff maximum of three mismatches in 90 bp and 2
mismatches in 45 bp. We excluded reads that could be
mapped to different genomic positions so as to detect
high-quality DNA polymorphic markers.
Uniquely mapped pair-end results were used to per-

form SNP calling using SOAPsnp [50]. Subsequently, the
SNPs with overall sequencing depths of more than 8,
quality scores over 30, and at least 4 uniquely mapped
reads per allele were extracted.

InDels detection
To detect InDels in uniquely mapped sequences, another
mapping process was performed, allowing a gap using
BWA software (ver. 0.5.1) [15]. InDels (1–6 bp) were
then called using SOAPindel as described in a previous
study [17]. Each InDel locus contained an InDel motif

http://prunusmumegenome.bjfu.edu.cn./
http://prunusmumegenome.bjfu.edu.cn./
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and two unique flanking sequences of less than 195 bp
on each side of that motif. The InDels were classified as
putative polymorphisms if the lengths of the InDel
motifs from the two cultivars varied by least 1 bp.

SSRs identification
Uniquely mapped reads were used to detect SSRs using
the computer program MISA (MIcroSAtellites identifi-
cation tool, http://pgrc.ipk-gatersleben.de/misa). Mini-
mum repeat lengths for SSR findings were set as 12 bp
for mono- to trinucleotides, 16 bp for tetranucleotides,
20 bp for pentanucleotides, 24 bp for hexanucleotides.
An SSR locus contained a repeat motif and two unique
flanking sequences of 180 bp on each side of the repeat
motif. On the basis of these sizes, the SSRs were classi-
fied as polymorphisms if the lengths of repeat motifs
from the two cultivars varied at least by 2 bp.

Annotation of SNPs, InDels and SSRs
The positions of SNPs, InDels and SSRs were identified
as CDS, intron, 5′UTR, 3′UTR and intergenic regions
according to mei genome GFF files, and each CDS
containing these markers were assigned to one or more
function annotations using mei annotation project files.
These files were downloaded from the Mei Genome
Database (http://prunusmumegenome.bjfu.edu.cn). The
annotated sequences were then mapped to high level
categories using these mei annotation project files according
to the three main GO categories (biological process, mo-
lecular function, and cellular component). SNPs in the
CDS regions were divided into synonymous and non-
synonymous amino acid substitutions.

Chip design
Using the SureSelect method from Agilent [51], a total
of 670 biotinylated RNA probes, each 120 nucleotides in
length (Additional file 5), were designed to capture the
desired DNA fragments from a pool of 24 genotype DNA
fragments. The proportions of the targeted intron, CDS,
UTR, and intergenic sequences were 17.5%, 25.5%, 4.8%,
and 52.2%, respectively. Capture assay was hybridized with
24 genotypes from genomic libraries labeled with different
barcodes. Captured DNA was then sequenced on the
Illumina GAII instrument, generating 4.2 G 78 bp reads.

Chip capture library preparation, hybridization
and sequencing
At least 3 μg of genomic DNA of each of the 24 ac-
cessions was placed in 80 μl TE-buffer and fragmented
using the Covaris instrument. This was followed by end
repair, A-tailing, and BGI PE index adapter ligation,
as described in the Illumina DNA library preparation
protocol [52].
Adapter ligated DNA was run on a 2% TAE agarose
gel, and the region of the gel with fragments in the range
of 200–250 bp was excised. The DNA was purified using
a gel extraction kit (Qiagen) and eluted in 90 μl EB.
The adapter ligated and size-selected DNA was ampli-
fied in 50 μl PCR. The PCR reaction contained 3 μl of
DNA, 18 ml H2O, 2 μl primer 1.1 (Illumina), 2 μl primer
2.1 (Illumina), and 25 μl Phusion master mix (Finnzymes).
PCR amplification conditions were as follows: 2 min at
95°C; 4 cycles of 15 s at 95 °C, 30 s at 60°C, and 30 s at
72°C; then 5 min at 72°C. The reaction product was
purified using a QIAquick PCR purification kit (Qiagen)
and eluted into 20 μl EB.
SureSelect solution phase hybridization was conducted

according to the manufacturer’s (Agilent) standard proto-
col. The buffers #1, #2, #3, and #4 from the SureSelect kit
were mixed to prepare the hybridization solution, which
was incubated at 65°C. In parallel, the 300 ng of each
DNA library were pooled with the blocker #1, #2, and #3
reagents (Agilent), denatured for 5 min at 95°C, and then
incubated at 65°C in a thermal cycler (MJ Research). We
then mixed 12 μl of hybridization solution, 5 μl of mixed
SureSelect Oligo Capture Library, 11 μl of the DNA
library, 1 μl H2O, and 1 μl RNase block (Agilent), in-
cubated for 24 hours at 65°C in a thermal cycler (MJ
Research) and captured with the Streptavidin M-280
Dynabeads (Invitrogen). The reaction product was then
purified with the MinElute PCR purification kit (Qiagen)
according to the manufacturer’s protocol. The purified
DNA was enriched by 50 μl PCR reactions containing
15 μl of elution production, 8 μl H2O, 1 μl primer 1.1
(Illumina), 1 μl primer 2.1 (Illumina), and 25 μl Phusion
master mix (Finnzymes). The PCR conditions were per-
formed as described above. The PCR products were
pooled and purified with Ampure beads (Beckman) and
eluted using 50 μl EB. The quality of the capture sample
was assessed using a Qubit® dsDNA HS Assay Kit
(Invitrogen) prior to its sequencing on Illumina GAII
instrument as PE 78 bp reads.

Assessment of genetic diversity as indicated by
SureSelect hybrid capture system
Agilent SureSelect liquid-based hybrid capture arrays
were used for SNPs genotyping. The allele calling for
each locus was identified using SOAPsnp [50]. Sites meet-
ing the following criteria were identified: overall sequen-
cing depth of over 15; quality score over 30; at least 4
uniquely mapped reads per allele. These sites were
referred to as high-confidence calls in our study. For
each SNP locus, the number of alleles (Na), Ho, and
He was calculated using GenePop version 4.0 [53].
The PIC was calculated using the following formula:
PIC = 1-∑Pi

2, where Pi is the ith SNP allele frequency
[54]. Each SNP locus was scored for the presence (1)

http://pgrc.ipk-gatersleben.de/misa
http://prunusmumegenome.bjfu.edu.cn
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or absence (0) of genotype. The data set was used to com-
pile a binary matrix describing 24 cultivar genotypes based
on 599 polymorphic co-dominant SNP markers. The
genetic similarity coefficient among the genotypes was
estimated using NTSYS-pc software (version 2.10) [55].
A dendrogram was generated for the analysis of gen-
etic diversity among mei and plum genotypes based on
Neighbor-joining (NJ) method.

SSR and InDel primers design and experimental validation
The putative polymorphic SSR and InDel loci were scanned
using Primer 3 (v. 1.1.4) to design oligonucleotide primers
flanking the repeats [56]. The optimized input parameters
were as follows: product size: 100–300 bp; primer size:
18–25 bp; primer Tm: 50-60°C; primer GC content: 40-60%.
Of these putative polymorphic SSRs and InDels, we ran-

domly chose 20 primer pairs labeled with fluorescent dyes
and amplified among the parental lines and five segregat-
ing progeny, respectively. The total genomic DNA from
their fresh young leaves was extracted as described above.
The SSR and InDel genotypes were performed using a
primer strategy, including a forward primer labeled with
FAM (Beijing Microread Genetics Co., Ltd, Beijing, China),
and a regular reverse primer. The PCR reactions of SSRs
and InDels were respectively conducted in a 10 μl mixture.
The same mixtures included 50 ng of the genomic
DNA, 1 μl of 10 × buffer [20 mM Tris–HCl (pH 8.4),
20 mM KCl, 10 mM (NH4)2SO4, and 1.5 mM MgCl2],
1.2 μl of 2.5 mM dNTP, and 0.6 U of Taq DNA polymer-
ase (Promega, Madison, WI, USA). The different mixtures
were as follows: 0.9 μl of 10 uM each of forward and re-
verse primers for SSRs, and 1 μl of these for InDels and
added ddH2O to the total volume. The PCR amplifications
of SSRs and InDels were performed with the following
program: 5 min at 95°C; followed by 25 cycles of 40 s at
95°C, 30 s at the optimized annealing temperature for each
primers (Additional files 2 and 3), 40 s at 72°C, and then
a final step for 5 min at 72°C. The PCR products of SSRs
and InDels were resolved on an ABI 3730 fluorescent
analyzer (Applied Biosystems, Foster City, CA, USA) with
the ROX 400 HD as size standard. Data were then ana-
lyzed using GeneMapper version 3.7 software (Applied
Biosystems, Foster City, CA, USA).

Additional files

Additional file 1: Detailed information of 200,627 polymorphic
SNPs identified between ‘Fenban’ and ‘Kouzi Yudie’.

Additional file 2: Detailed information of 4,900 polymorphic InDels
detected between ‘Fenban’ and ‘Kouzi Yudie’.

Additional file 3: Detailed information of 7,063 polymorphic SSRs
found between ‘Fenban’ and ‘Kouzi Yudie’.

Additional file 4: Functional annotation of 9,557 genes containing
polymorphic markers in mei.
Additional file 5: Characteristics of 670 polymorphic SNP probe loci
developed in ‘Fenban’ and ‘Kouzi Yudie’.

Additional file 6: Polymorphisms of 599 SNP markers based on 23
mei genotypes and 1 plum genotype.

Additional file 7: Amplifications of polymorphic InDel primers
labeled by FAM fluorescent dyes indicated the long InDels
compared with the expected sizes. Panels indicated data from
‘Fenban’ (FB) and ‘Kouzi Yudie’ (KZYD) and their F1 hybrids (HB): (A) and
(B) loci heterozygosity in the ‘Fenban’, two alleles; (C) loci heterozygosity
in the ‘Kouzi Yudie’, two alleles.

Additional file 8: Relative frequency for mono-, di-, and trinucleotides
of SSR repeat motifs.

Additional file 9: Examples of amplifications of SSR primers labeled
with FAM fluorescent dyes. Panels indicated data from ‘Fenban’ (FB)
and ‘Kouzi Yudie’ (KZYD) and their F1 hybrids (HB): (A) locus heterozygosities
in the ‘Fenban’, two alleles; (B) locus heterozygosities in the ‘Kouzi Yudie’,
two alleles; (C) locus heterozygosities in parental lines, two alleles; (D) locus
heterozygosities in parental lines, three alleles; (E) locus heterozygosities in
parental lines, four alleles; (F) locus homozygosity in parental lines.
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