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Abstract
Pomegranate (Punica granatum L.) germplasm collections are increasingly appreciated as a repository for the genetic improve-
ment of species, and their genetic analysis is an essential prerequisite for their utilization in pomegranate breeding. Sufficient
markers are a prerequisite for genetic analysis. In this study, we identified 36,792 simple sequence repeat (SSR) markers in the
pomegranate genome. Dinucleotide repeats are the most abundant SSRs, and of the mono-, di-, tri-, and tetranucleotide repeats,
A/T, AT/AT, AAT/ATT, and AAAT/ATTTwere the most dominant motif type. There were only 1.80% SSRmotifs located in the
coding regions, while most (98.20%) SSR motifs were located in noncoding regions. We confirmed the reliability of 50 SSR
markers by PCR amplification, from which 11 highly polymorphic SSR markers were selected to study the genetic diversity of
218 pomegranate accessions. A total of 63 alleles was detected for the 11 SSR primers, ranging from 2 (PG152) to 9 (PG093,
PG080) across the pomegranate accessions. The polymorphism information content values of each SSR primer pair ranged from
0.22 to 0.70, with a mean value of 0.45. Based on population structure analysis, these accessions were clustered into three main
populations and 42 accessions were chosen as the core set. The availability of these SSR markers and the clustering result for the
pomegranate germplasm provide new important information for pomegranate genetics and breeding programs.
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Introduction

Pomegranate (Punica granatum L.), a deciduous shrub, be-
longs to the Lythraceae family (Yuan et al. 2018).
Pomegranate is diploid with n = 9 (Qin et al. 2017).
Pomegranate is considered to be highly valuable due to its

health-promoting traits in edible and nonedible parts of the
fruit that can be used for a wide range of human disease.
(Da Silva et al. 2013). Pomegranate was introduced into
China 2000 years ago via the Silk Road (McColl 1991;
Zhou et al. 1995). China is a main producer of pomegranates
worldwide in six main production areas, including Huaiyuan
of Anhui Province, Zaozhuang of Shandong Province,
Lintong of Shanxi Province, Mengzi of Yunnan Province,
Kaifeng of Henan Province, and Yecheng of the Xinjiang
Uygur Autonomous Region. As a result of natural selection,
introduction, domestication, and breeding of pomegranates,
excellent local cultivars have been developed (Zhao et al.
2013), although the actual genealogy of various cultivars re-
mains unknown.

Pomegranate breeding programs are based on the exploita-
tion of genetic variability, so information on germplasm ge-
netics, especially with respect to the genetic relationships
among accessions and cultivars, is necessary for the rapid
development of improved pomegranate cultivars and the
achievement of breeding progress. The insensitivity of DNA
markers to environmental changes makes them valuable for
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evaluating germplasm diversity (Roy et al. 2006). Since 2007,
various DNA markers, including amplified fragment length
polymorphisms (AFLP) (Yuan et al. 2007), random amplified
polymorphic DNA (RAPD) (Narzary et al. 2009), restriction
fragment length polymorphisms (RFLP) (Melgarejo et al.
2009), and simple sequence repeats (SSRs) (Parvaresh et al.
2012), have been developed and applied to pomegranate ge-
netic studies.

SSRs or microsatellites consist of tandemly arranged re-
peats of short DNA motifs (1–6 bp in length) with desirable
genetic attributes including hypervariability, codominant in-
heritance, widespread abundance, and economic feasibility
of large-scale use (Kantety et al. 2002). SSRsmay play crucial
roles in affecting chromatin organization, gene activity, re-
combination, and DNA replication more than just being “neu-
tral” genetic markers (Li et al. 2002). SSR markers have been
applied to cultivar identification, genetic diversity assessment,
genetic mapping, andmolecular evolution in plants. In spite of
the recent progress in the development of single nucleotide
polymorphisms (SNPs) for pomegranate (Ophir et al. 2014;
Qin et al. 2017), SSR markers remain useful for practical
breeding applications due to their reliability, high polymor-
phism, and ease of use. Up to now, the SSRs of pomegranate
were mainly developed from enriched genomic libraries
(Curro et al. 2010; Soriano et al. 2011; Parvaresh et al.
2012), a time-consuming and laborious process. The small
number of SSR markers reported for pomegranate has limited
their use in pomegranate genetic diversity study as well as
marker-assisted selection. Identification of SSRs from the ge-
nome sequence has proved to be a robust, rapid, and widely
applicable strategy (Zhang et al. 2012; Liu et al. 2016; Cui
et al. 2017). A pomegranate “Dabenzi” genome sequence has
been reported by Qin et al. (2017), which provides an oppor-
tunity to screen for SSRs across the genome more efficiently.

In the present study, we identified SSRmotifs in a genome-
wide manner and also quantified and characterized these SSR
motifs. Specific primers flanking these SSR motifs were de-
signed and applied to a genetic diversity study on a local
pomegranate germplasm collection.

Materials and methods

Plant materials

A local collection of 218 pomegranate accessions, grown at
the Gangji Eco-Agricultural Demonstration site, Anhui
Academy of Agricultural Sciences, was involved in SSR eval-
uation and genetic diversity study (Supplementary Table S1).
The 218 accessions were gathered from six provinces from
amateurs, regional repositories, and wild populations.
Latitude, longitude, altitude, and main climate conditions of
each location were indicated in Supplementary Table S2.

SSR motif identification and primer design

We searched for SSRs using the default parameters of the
MISA (http://pgrc.ipk-gatersleben.de/misa) microsatellite
identification tool (Thiel et al. 2003) from the whole genome
sequence of pomegranate “Dabenzi” (DNA Data Bank of
Japan/European Nucleotide Archive DDBJ/ENA/GenBank
under the accession number MTKT00000000). The search
criteria were 20 repeat units for mononucleotide repeats, 10
repeat units for dinucleotide repeats, 7 repeat units for trinu-
cleotide repeats, 5 repeat units for tetranucleotide repeats, 4
repeat units for both pentanucleotide repeats, and
hexanucleotide repeats. The flanking sequences of SSRs were
used as targets for primer design according to Cui et al.
(2017).

Genomic DNA extraction

Genomic DNAwas isolated from young leaves using a mod-
ified CTAB method (Doyle and Doyle 1990). Quality and
concentration of the DNA was confirmed using 1% agarose
gel electrophoresis and NanoDrop 8000 (Thermo Fisher
Scientific, Waltham, MA, USA).

Validation of new pomegranate SSR primer pairs
by PCR amplification

Fifty new SSR primer pairs were randomly selected to prime
the amplification of SSR fragments from the genomic DNA of
six pomegranate accessions, one from each province. Primer
pairs with clear bands, stable amplification, and high polymor-
phism were further selected to genotype the 218 pomegranate
accessions. Forward primers of the primer pairs were 5′ la-
beled with the fluorescence dye (FAM or HEX). PCR was
carried out in a 10-μl reaction mixture containing 50 ng of
DNA, 0.2 μM of each primer, 2 mM of MgCl2, 200 μM of
each dNTP, 0.5 U TaqDNA Polymerase (TIANGEN Biotech
(Beijing) Co., Ltd., Beijing, China), and ddH2O to the total
volume. Touchdown PCR was carried out on GeneAmp PCR
System 9700 thermal cycler (Applied Biosystems, Foster City,
USA) under the following conditions: 5 min at 95 °C followed
by 11 cycles each of 30 s at 95 °C, 30 s at 65 °C (decreasing at
0.8 °C per cycle), 50 s at 72 °C, followed by 22 cycles of 30 s
at 95 °C, 30 s at 55 °C, 50 s at 72 °C, and a final extension of
8 min at 72 °C.

The PCR products were separated on an Applied
Biosystems 3730 capillary sequencer (Foster City, CA,
USA) with GeneScan 500 LIZ as an internal size standard
by the Sangon Biotech Company (Shanghai, China) and proc-
essed using GeneMarker (version 2.2.0; SoftGenetics, PA,
USA). SSR alleles were manually checked for accuracy ac-
cording to Pan et al. (2003). On the basis of the electrophoresis

36 Page 2 of 9 Tree Genetics & Genomes (2020) 16: 36

http://pgrc.ipk-gatersleben.de/misa


results, DNA fragments were scored as present (1) or absent
(0) and on the basis of allele size.

Data analysis

Polymorphism information content (PIC), the allele number,
the effective number of alleles (Ne), Shannon’s information
index (I), expected heterozygosity (He), observed heterozy-
gosity (Ho), and Wright’s fixation index (inbreeding coeffi-
cient, Fis) were calculated using POPGENE software (http://
www.ualberta.ca/~fyeh) (Yeh et al. 1997). The estimated fre-
quency of null alleles (F(null)) was calculated using MICRO-
CHECKER (http://www.microchecker. hull.ac.uk/) (Van
Oosterhout et al. 2006).To evaluate the phylogenetic relation-
ships among the accessions, the neighbor-joining algorithm
was used to build a dendrogram based on genetic distances,
usingMEGA6.0 (Tamura et al. 2011). In total, 1000 replicates
were used for all bootstrap tests. Structure 2.2 (http://www.
stats.ox.ac.uk/~pritch/home.html) (Pritchard et al. 2000) was
used to identify population groups by estimating the posterior
probability of the data for a given K, Pr (X/K). The statistic K
was determined by an admixture model with correlated alleles
andK = 2–10. Ten independent runs of 100,000Markov chain
Monte Carlo replicas and 100,000 generations of burn-in were
used to estimate each K value. The optimal K value was de-
termined by the ad hoc statistic ΔK (Evanno et al. 2005).

In addition, PowerCore 1.0 (http://genebank.rda.go.kr/
powercore.do.) was used to develop the core set with an
effort to maximize the number of observed alleles at the
SSR loci (Kim et al. 2007). Comparison at significant level
p < 0.05 in variability parameters (allele no., I, Ho, and He)
between the entire accessions and core collection was carried
out with SPSS v.15.0 (SPSS, Chicago, IL, USA).

Results

SSR motif content in the pomegranate genome

A total of 36,792 SSRs were identified with an average fre-
quency of 112 SSRs per megabase of the pomegranate geno-
mic sequence (Supplementary Table S3). Of these SSRs, the
dinucleotides were the most abundant (22,819, 62.02% of the
total), followed by trinucleotides (4493, 12.21%),
tetranucleotides (2999, 8.15%),pentanucleotides (2700,
7.34%), hexanucleotides (2483, 6.75%), and mononucleotide
(1298, 3.53%) (Fig. 1). The proportion of different SSRmotifs
was not uniform. Briefly, with regard to the mononucleotide
repeats, A/Twere dominant, accounting for 60.7% of the total
(Fig. 2a). Of the dinucleotide repeats, AT/TA were the most
frequent (68.76%) followed by AG/CT (27.91%), AC/GT
(3.31%), and CG/ GC (0.02%) (Fig. 2b). Among the trinucle-
otide repeats, AAT/ATT (52.47%) were the most abundant,

followed by AAG/CTT (26.74%) and AGG/CCT (8.27%)
(Fig. 2c). Of the tetra-, penta-, and hexanucleotide repeats,
AAAT/TTTA, AACTC/GAGTT, and AAAATC/GATTTT
were the most abundant repeats in each class (Fig. 2d–f).

Characterization of SSR motifs in the pomegranate
genome

The positions of the SSR motifs were determined by compar-
ing with the genome annotations. There were only 662 SSR
motifs (1.80% of the total) located in the coding regions, and
36,130 (98.20%) SSR motifs were located in noncoding re-
gions. Among those SSRs in the coding regions, trinucleotide
repeats were the most abundant SSRs (62.53%), followed by
hexanucleotide repeats (21.76%).

A total of 32,249 SSRs were distributed on the nine chro-
mosomes, while 4543 SSRs were unanchored scaffolds. A
chromosome-biased distribution of SSRs was found in the
genome, the highest density being 159.66/Mb on chromo-
some 9, followed by 150.08/Mb on chromosome 7. The low-
est density (125.90/Mb) of SSRs occurred on chromosome 1
(Supplementary Table S4).

Analysis of genetic diversity in pomegranate

Out of the 50 primer pairs tested, 11 primer pairs displayed
polymorphism among the six accessions. These 11 primer
pairs were then used for genetic diversity analysis of the 218
pomegranate accessions. All primer pairs successfully ampli-
fied multiple DNA fragments (alleles), ranging from 2
(PG152) to 9 (PG093, PG080) across the pomegranate acces-
sions. A total of 63 alleles were detected with a mean number
of 5.72 alleles per primer pair (Table 1). Polymorphism infor-
mation content (PIC) provides information on how informa-
tive a marker is or provides an estimate of the discriminatory
power of the locus, as shown in Table 1. The PIC values of
each SSR primer pair ranged from 0.22 to 0.70, with a mean
value of 0.45. The results showed that PG093 and PG077
were the most informative SSR primer pairs as they had the
highest PIC values. The Shannon information index (I) varied
from 0.45 for PG140 to 1.56 for PG093, with an average of
1.01; the observed heterozygosity (Ho) varied from 0.16 for
PG130 to 0.67 for PG077, with an average of 0.41. The ex-
pected heterozygosity (He) varied from 0.25 for PG130 to
0.76 for PG093, with an average of 0.55. Wright’s fixation
index (Fis) varied from 0.01 of PG077 to 0.45 of PG070, with
an average of 0.23, implying that inbreeding increased among
populations.

Structure software was used to infer pomegranate popula-
tion structure (for K = 2, 3.., 10). The grouping of individuals
using the model-based method revealed that the most likely
value of K chosen with Evanno’s method and log likelihood
parameter was 3, indicating that the total panel was split into
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three main populations labeled P1, P2, and P3, consisting of
77, 81, and 60 samples. The P1 contained most accessions
from Shandong, Shanxi, and Henan, along with all accessions
from Tibet Autonomous Region and Xinjiang Uygur
Autonomous Region, while the accessions from Anhui
Province were divided into two populations (P2 and P3).
The P2 contained most accessions from Huaibei City, Anhui
Province, along with accessions from Shandong. The P3
contained all accessions from Huaiyuan County, Anhui
Province, and several accessions from Huaibei City, Anhui
Province. Intermix accessions, showing complicated genetic
components, were displayed in all three populations, and there
are more intermix accessions in P3 population.

Figure 3 shows the proportion of each population that con-
tributed to each of the three clusters. The neighbor-joining
analysis revealed three major clusters. Cluster I included 24
accessions from Anhui (11 accessions), Shandong (7 acces-
sions), Shanxi (3accessions), Xinjiang Uygur Autonomous
Region (1 accession), Tibet Autonomous Region (1 acces-
sion), and Henan (1 accession). Cluster II contained 56 acces-
sions, including 22 accessions from Shandong, 15 accessions
from Anhui, 10 accessions from Henan, 6 accessions from
Shanxi, and 3 accessions from Xinjiang Uygur Autonomous
Region. Cluster III contained 138 accessions, which were
clustered into five subclusters. Subcluster I contained 26 ac-
cessions mainly from Anhui (11 accessions), Shanxi (7

Fig. 2 The frequency (percentage) of classified simple sequence repeat (SSR)motifs in the pomegranate genome. aMononucleotides. bDinucleotides. c
Trinucleotide. d Tetranucleotides. e Pentanucleotides. f Hexanucleotides

Fig. 1 Number of simple
sequence repeat (SSR) motifs
across nine chromosomes of the
pomegranate “Dabenzi” reference
genome
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accessions), Shandong (4 accessions), Henan (2 accessions),
and Xinjiang Uygur Autonomous Region (2 accessions).
Subcluster II contained 18 accessions mainly from Anhui
(10 accessions), Shandong (4 accessions), Henan (3 acces-
sions), and Shanxi (1 accession). Subcluster III contained 15
accessions mainly from Anhui (12 accessions). Subcluster IV
contained 23 accessions including 12 accessions from Anhui,
7 accessions from Shandong, 2 accessions from Henan, 1
accession from Xinjiang Uygur Autonomous Region, and 1
accession from Tibet Autonomous Region. Subgroup V
contained the most accessions (56), namely 42 accessions
from Anhui, 7 accessions from Shandong, 3 accessions from
Henan, 2 accessions from Tibet Autonomous Region, 1 ac-
cession form Xinjiang Uygur Autonomous Region, and 1 ac-
cession from Shanxi (Fig. 4).

The 63 alleles detected at the eleven SSR loci were used to
develop a core set of pomegranate germplasm collection using
the program PowerCore 1.0. The core collection was selected
with an effort to maximize the number of observed alleles with
minimum redundancy. Forty-two accessions were selected as
the entries in the core set germplasm collection (Table 2),

accounting for about 19.3% of the entire accession collection
and 100% coverage of the alleles with minimum redundancy.
The core collection includes 4 accessions from cluster I, 7 ac-
cessions from cluster II, and 30 accessions from cluster III. The
average value of the observed heterozygosity (Ho) was 0.47, the
average value of the expected heterozygosity (He) was 0.59,
and the Shannon’s information index (I) was 1.16. The param-
eters of allele no.,Ho, andHe were detected by t value, showing
that no significant difference occurred between the 218 pome-
granate germplasm and 42 core collection.

Discussion

Prior to this study, the SSR markers available for pomegranate
were mainly developed from enriched genomic libraries, a
process which is time-consuming and laborious (Hasnaoui
et al. 2010; Soriano et al. 2011). In this study, we identified
a total of 36,792 SSRs across the genome sequence of pome-
granate cultivar “Dabenzi.” Given the reference genome as-
sembly size of 328.38 Mb, the average marker density was

Table 1 Eleven SSR primer pairs used for analysis of genetic diversity in pomegranate

Markers SSR
motif

Chromosomal
location

Primer sequences (5′–3′) Allele
no.

Ne Ho He I F(null) Fis PIC

PG080 CA 4 F:ctgactgttgcagagagtaggctg 9/9 2.91/4.73 0.46/0.49 0.66/0.78 1.37/1.77 0.07 0.30 0.47
R:aggaggtgaaacaacgaatagctg

PG130 AG 2 F:ctcatatggcgattctctgtcctt 6/6 1.33/1.60 0.16/0.31 0.25/0.37 0.48/0.74 0.07 0.37 0.22
R:aagttcgataaattgcactggtgg

PG139 CT 3 F:gtttccttccctcaacccaaaa 4/4 3.42/3.84 0.59/0.55 0.71/0.74 1.30/1.36 0.00 0.13 0.65
R:agtgggattttaccaagtcgaaca

PG152 CT 8 F:catcagaatcgtccccttgtg 2/2 1.97/1.98 0.48/0.45 0.50/0.50 0.69/0.69 −0.01 0.08 0.37
R:cagagagaagaagagagaccgagc

PG153 AGA 8 F:gtgtttgatgctcccatttcattt 4/4 1.66/1.51 0.33/0.33 0.40/0.34 0.68/0.64 0.03 0.26 0.33
R:gccttcaacggtctttcttcttct

PG140 TG 3 F:caagaaagtgtgtgagcgattgat 3/3 1.35/1.53 0.24/0.33 0.26/0.35 0.45/0.59 0.03 0.08 0.23
R:ccaaaccttacccctctctctctc

PG098 AT 7 F:tgccttcttaaggacttcaccaac 7/7 2.80/3.37 0.34/0.37 0.64/0.70 1.25/1.42 0.15 0.43 0.56
R:ctaacctcatgcacttgtcatcca

PG070 TA 2 F:cacctctgcttcagcaaacaaata 5/5 2.36/2.67 0.33/0.37 0.58/0.63 0.99/1.08 0.11 0.45 0.35
R:caactcaacacaatatccaaccca

PG077 CT 3 F:gtcagtctcctccttcttcaatgg 6/6 3.27/3.66 0.67/0.83 0.70/0.73 1.31/1.40 0.00 0.01 0.65
R:agacgaagcacctgagaaggaat

PG090 AT 6 F:attcttttatactaaccaaaatttgcga 8/8 2.32/2.97 0.47/0.52 0.57/0.66 1.04/1.33 0.04 0.12 0.47
R:atgtcatgagaggacccacaaa

PG093 TA 6 F:cgtcaataggacgtccctgagata 9/9 4.10/4.56 0.66/0.65 0.76/0.78 1.56/1.70 0.04 0.10 0.70
R:gatgacgtggcagagtaagagagc

Mean - - - 5.72/5.72 2.47/2.96 0.41/0.47 0.55/0.59 1.01/1.16* 0.04 0.23 0.45

total - - - 63/63 - - - - - - -

Allele no., observed number of alleles; PIC, polymorphism information content; I, Shannon’s information index; Ho, observed heterozygosity; He,
expected heterozygosity;Ne, effective number of alleles; F(null), estimated frequency of null alleles; Fis, inbreeding coefficient. The first number in each
pair represents values for the entire germplasm collections; the second number represents values for core collection.

*p < 0.05. Significant differences between the entire accessions and core collection as determined by t test are noted
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one SSR per 8.9 kb. Compared with one SSR per 24.53 kb in
apple (Zhang et al. 2012), or one SSR per 12.5 kb in kiwifruit
(Liu et al. 2016), the SSR density in pomegranate appears to
be relatively high. This supports the idea that SSR density is
negatively correlated with genome size in plants (Morgante
et al. 2002). The dinucleotide repeats dominated. In pome-
granate, when the number of motif repeats (except for mono-
nucleotide repeats) increased, their occurrence frequency de-
creased, a finding consistent with previous observations in
apple and kiwifruit (Zhang et al. 2012; Liu et al. 2016).

The 11 highly polymorphic SSR primer pairs amplified 63
SSR fragments from the whole collection of 218 accessions.
The average PIC value was 0.45, which is higher than those
previously reported for pomegranate (Pirseyedi et al. 2010;
Soriano et al. 2011), with four markers (PG077, PG093,
PG098, and PG139) each having a PIC ≧ 0.5, at which point
markers are considered to be highly polymorphic (Botstein
et al. 1980). The polymorphic level of markers has been pos-
itively correlated with the genetic diversity within the test
population and the number of accessions tested (Wu et al.
2014). Higher level of polymorphism could be detected by
analyzing larger collections of accessions from various geo-
graphical origins, or wild populations (Ferrara et al. 2014).
The 218 accessions used in the current study were collected
from a broad array of geographic regions and might have
contributed to the high PIC values of the 11 SSR primer pairs.

The distribution of different types of SSR motifs is not
uniform and the most frequent motif type often differs be-
tween various plant species. For example, for dinucleotide
repeats, AG/CT repeats dominated in Brachypodium and
Oryza sativa, while AT/TA were more frequent in Populus
and Medicago. For trinucleotide repeats, the motifs AGC/
CGT, AGG/CCT, and CCG/CGG were observed more fre-
quently among monocot species, whereas A/T-rich repeats
were more frequent in dicots (Sonah et al. 2011). In pome-
granate, SSRs proved to be strongly biased toward AT-rich
repeat motifs. Among mono-, di-, tri-, and tetranucleotide re-
peats in the pomegranate genome, AT-rich repeats predomi-
nated, while GC-rich repeats were scarce. The distribution of
SSRs varies in different regions across a genome; the noncod-
ing regions generally contain greater frequencies of SSRs than
the coding regions do (Hancock 1996). A similar characteris-
tic was observed in this study on pomegranate, which might
be due to negative selection against frameshift mutations in
coding regions (Metzgar et al. 2000).

Pomegranate is an ancient fruit crop grown widely around
the world, which has been cultivated widely in China. Due to
restricted germplasm collection and limited molecular marker
availability, few studies on the genetic diversity of pomegran-
ate have been undertaken in China. Until recently, the most
detailed characterization of genetic diversity in pomegranate
in China was conducted on 85 accessions using fluorescent-
AFLP markers (Yuan et al. 2007). More recently, we assem-
bled a collection of 218 accessions from around China for use
in this study, including wild types from Tibet Autonomous
Region. Pomegranate accessions from China in this study
showed higher levels of genetic diversity (Ho = 0.41) than that
reported in China with 46 pomegranate cultivars (Ho =
0.2126) (Zhao et al. 2013) and 85 cultivars (Ho = 0.1539)
(Yuan et al. 2007). The high level of genetic diversity of
pomegranate in China in this study might be because of the
larger number of materials from different geographic origin
and especially wild types in Tibet Autonomous Region. The
set of SSR loci used in this study illustrated that the genetic
base of the China pomegranate collection is broad enough to
ensure future progress in breeding programs and will facilitate
mining novel alleles to improve horticulturally important traits
in the fruit.

Of the three genetic clusters obtained with STRUCTURE,
P1 contained most accessions from Shandong, Shanxi, and
Henan, along with 7 accessions from Xinjiang Uygur
Autonomous Regional, and 5 wild accessions from Tibet
Autonomous Region, indicating a common genetic back-
ground for these accessions. Pomegranate was spread from
Central Asia to China along the Silk Road, first planted in
Yecheng of Xinjiang, then spreading in Shanxi, Henan,
Shandong, and Anhui Provinces (Zhou et al. 1995). Yuan
et al. (2007) also suggested that Henan, Xinjiang, and
Shanxi may be the earliest production areas. The accessions

Fig. 3 a Exploration of K value for structure analysis of pomegranate
germplasm by estimates of the rate of change of the slope of the log
likelihood curve (ΔK) calculated according to Evanno et al. (2005) plot-
ted against K. b Population structure of the studied accessions examined
by genetic admixture analysis using the program structure with K = 3.
Each individual is presented by thin vertical bar and individual codes,
which can be partitioned into K-colored segments that represent the indi-
vidual estimatedmembership of theK cluster. Each vertical bar with more
than one color indicates an admixed genetic constitution
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from Anhui Province were divided into two populations (P2
and P3), which showed two gene pools. The P3 contained all
accessions from Huaiyuan County, Anhui Province, and sev-
eral accessions from Huaibei City, Anhui Province, while P2
contained most accessions from Huaibei City, Anhui
Province. It appeared that several pomegranate accessions
from Huaibei City might be introduced from Huaiyuan
County, as Huaiyuan County is the main production area of
Anhui.

In cluster analysis, the accessions were not closely grouped
geographically. Geographic origin was not always document-
ed and a typical so-called local cultivar could be attributed to
an accession that was finally shown to be a duplicate of a well-
known foreign cultivar, which was common phenomenon in
fruit trees (Liang et al. 2015; Lassois et al. 2016). Due to the
lack of documentation about geographic origin and historical
widespread exchanges of pomegranate cultivars over geo-
graphic regions, it was extremely difficult to know the real

Fig. 4 Phylogenetic relationships identified based on simple sequence repeat (SSR) data using the distance-based neighbor-joining method
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region of origin of many accessions studied. It could also
explain that no clear relationship between the geographical
origin and the genetic structure was found in the studied
China germplasm, a finding which is in agreement with pre-
vious studies (Yuan et al. 2007; Jbir et al. 2014). The local
pomegranate accessions have evolved as a result of long-term
natural and artificial selection of genetic variations adaptive to
specific environments.

The core collection represents 100% of the total diversity
of all pomegranate germplasm, covering the major pomegran-
ate production areas in China. The parameters of Ho, and He

show that no significant difference occurred between the 218
pomegranate germplasm and 42 core collections. The results
indicated that the core collection is representative of all of the
genetic polymorphism. The genetic information of these core
set accessions are very useful for pomegranate germplasm
conservation and genetic utilization.

Conclusion

We identified 36,792 SSR motifs from the whole genome
sequence of pomegranate “Dabenzi.” Of the mono-, di-, tri-,
and tetranucleotide repeats, the dominant types were A/T, AT/
AT, AAT/ATT, and AAAT/ATTT. These SSR markers were
also marked with the relative position information of both the

physical location and the linkage groups, and the adjacent
genes of the SSR loci, which can provide better help for relat-
ed research work and the developed SSR markers can be uti-
lized by researchers and breeders for future pomegranate im-
provement. Fifty pairs of SSR primers were validated by PCR
amplification of genomic DNA from 6 accessions, and 11
pairs of highly polymorphic SSR primers were selected to
assess the genetic diversity. The germplasm is diverse with
an expected heterozygosity He of 0.55 and observed hetero-
zygosity Ho of 0.41. Analysis of the distribution of 63 ampli-
fied SSR alleles across 218 pomegranate accessions resulted
in three distinct populations, namely, P1, P2, and P3. The
population structure and genetic information will be useful
in designing association mapping studies, which will further
facilitate mining novel alleles to improve horticulturally im-
portant traits in pomegranate fruit. Forty-two accessions were
selected as the entries in a core set of pomegranate germplasm
collection for future pomegranate genetics and breeding
programs.
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