
Heliyon 6 (2020) e05078
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
The genetic relationships of Indian jujube (Ziziphus mauritiana Lam.)
cultivars using SSR markers

Chu-Ying Chiou a,1, Huei-Chuan Shih b,1, Chi-Chu Tsai a,c,1, Xiao-Lei Jin d, Ya-Zhu Ko d,
Junaldo A. Mantiquilla d,e, I-Szu Weng a, Yu-Chung Chiang d,f,*

a Kaohsiung District Agricultural Research and Extension Station, Pingtung 900, Taiwan
b Department of Nursing, Meiho University, Pingtung 912, Taiwan
c National Pingtung University of Science and Technology, Pingtung 912, Taiwan
d Department of Biological Sciences, National Sun Yat-sen University, Kaohsiung 804, Taiwan
e Department of Biological Sciences and Environmental Studies, College of Science and Mathematics, University of the Philippines Mindanao, Mintal, Davao City 8022,
Philippines
f Department of Biomedical Science and Environment Biology, Kaohsiung Medical University, Kaohsiung 807, Taiwan
A R T I C L E I N F O

Keywords:
Genetic diversity
Genetic structure
Microsatellite DNA
Ziziphus mauritiana
Crop breeding
Horticulture
Plant biology
Plant genetics
Biodiversity
DNA barcoding
* Corresponding author.
E-mail address: yuchung@mail.nsysu.edu.tw (Y.

1 These authors contributed equally to this work

https://doi.org/10.1016/j.heliyon.2020.e05078
Received 14 May 2020; Received in revised form 1
2405-8440/© 2020 Published by Elsevier Ltd. This
A B S T R A C T

The genetic relationships among 24 Indian jujube cultivars (Ziziphus mauritiana Lam.) were evaluated by geno-
typing the microsatellite loci using simple sequence repeat (SSR) markers. The SSR loci were scored by fluorescent
labelling and automated detection systems for the high-throughput capillary electrophoresis and high-resolution
gel electrophoresis. Out of the 29 newly characterized SSR loci, 26 were considered as polymorphic with a total of
181 alleles obtained. The number of alleles ranged from 2–12, while the polymorphism information content
ranged from 0.08–0.83, and the expected and observed heterozygosity were 0.04–0.83 and 0.04–0.82, respec-
tively. The allele pattern of Indian jujube for all SSR loci confirmed its karyotype as tetraploid. Similarity co-
efficients and UPGMA dendrogram revealed that the Taiwanese cultivars consisted of a large ‘A’ clade, which is
further divided into ‘A1’ and ‘A2’ groups, and the ‘B’ clade where both are rooted by the wild accession, ‘Chad
native’. These four genetic clusters were supported by the results of PCoA and the assignment test. The excess of
heterozygotes based on F-statistics was attributed to its mating system as outcrossing and self-incompatible, and
the introgression of the presumed mutation-derived cultivars with genetic admixture. Based on this study, SSR
markers offer valuable information on the genetic relationship of this tropical fruit tree which is basically in
agreement with the genealogy of its breeding history.
1. Introduction

Lesser known fruits are genetically very diverse groups grown in
temperate, subtropical and tropical regions and have been recognized for
their human health benefits. Most of these fruits have high content of
non-nutritive, nutritive, and bioactive compounds such as flavonoids,
phenolics, anthocyanins, phenolic acids, as well as nutritive compounds
such as sugars, essential oils, carotenoids, vitamins, and minerals [1, 2,
3].

Indian jujube (Ziziphus mauritiana Lam.) is among those less recog-
nized fruits globally. It belongs to the genus Ziziphus of the family
Rhamnaceae that includes approximately 86 species found in the tropical
and subtropical regions of the northern hemisphere. Chinese jujube
-C. Chiang).
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(Ziziphus jujube Mill.) and Indian jujube are the most important
commercialized species. Basic chromosome numbers of x¼ 10, 12 and 13
have been shown for Ziziphus species [4] of which 2n ¼ 4x ¼ 48 for In-
dian jujube [4, 5]. Most of the Indian jujube varieties are tetraploid, but
the cultivar ‘Illaichi’ is an octaploid (2n¼ 8x¼ 96) [6]. Indian jujube had
been used around 1,000 BC, and it is believed to originate from Central
Asia and spread to North Africa, India, South China, Myanmar and
Australia [7].

Recently, DNA markers have been widely used to assess genetic re-
lationships and cultivar identification. These molecular markers were
used for several Chinese jujube studies [8, 9, 10, 11, 12, 13, 14, 15], but
few for Indian jujubes. Among those reported to evaluate genetic re-
lationships, genetic diversity and cultivar identification of several Indian
ber 2020
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jujubes were inter-simple sequence repeat (ISSR) and random amplified
polymorphic DNA (RAPD) [16, 17, 18]. However, the recent popular
molecular markers for plant systems are the simple sequence repeats
(SSR) or microsatellites. The SSRs are 1–6 bp tandem repeats [19]. They
are characterized with high mutation rates, high number of alleles and
abundant in genomes. These sequences are considered useful and
excellent molecular markers in population genetics, linkage mapping,
genetic fingerprinting and taxonomic studies [20] even among closely
related genotypes [21]. High levels of genetic polymorphism derived
from SSRs have been observed because of their allelic diversity due to
replication slippage [22, 23]. The codominant and high polymorphic
characteristics of SSR are useful for genetic relationship and cultivar
identification of tropical fruit trees such as guavas [24], pineapples [25],
wax apples [26] and mangoes [27]. Lately, 38 SSR loci from Indian
jujube have been isolated and characterized [28].

Indian jujube is an economically important crop that is also exten-
sively cultivated in Taiwan [29]. There are several cultivars developed by
breeders and farmers which show that the propagation of Indian jujube is
incredibly active [29, 30, 31]. These cultivars are also propagated
asexually, thus it is difficult to protect the right of the breeder. This study
aims to address the needs of understanding the genetic background of
Indian jujube cultivars by using molecular markers to effectively estab-
lish breeding strategies and legally protect the new cultivars. Specifically,
SSR markers were used to investigate the genetic relationship among 24
Indian jujube cultivars in Taiwan.

2. Materials and methods

2.1. Plant materials

Twenty-four Indian jujube cultivars were collected and cultivated at
the Kaohsiung District Agricultural Research and Extension Station
(KDARES), Taiwan (Table 1). The J1 to J23 cultivars were obtained from
the local tribes based on the differences of morphological characteristics
Table 1. Indian jujube cultivars used in this study.

No. Cultivars Voucher

J1 Kaolang 1 C. C. Tsai 3101

J2 Kaolang 2 C. C. Tsai 3102

J3 Kaolang 3 C. C. Tsai 3103

J4 Tsueimi C. C. Tsai 3104

J5 Mejao C. C. Tsai 3105

J6 Cento C. C. Tsai 3106

J7 Gingtao C. C. Tsai 3107

J8 Dayeh C. C. Tsai 3108

J9 Chungyeh C. C. Tsai 3109

J10 Tsueishiang C. C. Tsai 3110

J11 Tianmi C. C. Tsai 3111

J12 Kaohsiung 2 C. C. Tsai 3112

J13 Kaohsiung 3 C. C. Tsai 3113

J14 Kaohsiung 5 C. C. Tsai 3114

J15 Yuguan C. C. Tsai 3115

J16 Biyuan C. C. Tsai 3116

J17 Hongyung C. C. Tsai 3117

J18 Hsinsuchi C. C. Tsai 3118

J19 Huangguan C. C. Tsai 3119

J20 Telong C. C. Tsai 3120

J21 Roulong C. C. Tsai 3121

J22 Kaohsiung 6 C. C. Tsai 3122

J23 Shuemi C. C. Tsai 3123

J24 Chad native C. C. Tsai 3124

Voucher specimens were deposited at the herbarium of the National Museum of Natu
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from the inventory of tropical fruit trees, and hence, asexually propa-
gated at the KDARES for breeding purposes. The J24 was a direct
germplasm exchange from India by scientist cooperation through the
Agricultural Technical Cooperation.

2.2. DNA extraction, SSR loci characterization and PCR amplification

Genomic DNA was extracted from the mature leaf samples using the
protocol of the Plant Genomic DNA Extraction Kit (RBC Bioscience,
Taipei, Taiwan). The prior work of Chiou et al. (2012) utilized 131 out of
the 241 isolated SSR loci to design the primer pairs for the flanking re-
gions of SSR loci. Subsequently, 74 SSR loci were characterized to obtain
the 38 polymorphic SSR loci for further studies of Indian jujubes. In this
study, only 57 of the aforementioned primer pairs were characterized
anew to obtain polymorphic SSR loci based on the criteria described by
Chiou et al. (2012). The polymorphic SSR loci with highest PIC values
were selected to assess the genetic relationship of the 24 Indian jujube
cultivars enumerated by Chiou et al. (2012).

To detect the microsatellite genotypes, we used two systems: ABI
PRISM 3700 DNA Sequencer (Applied Biosystems) and LI-COR 4300
DNA analyzer (LI-COR, Lincoln, Nebraska USA). Both systems employ
fluorescent labelling and automated detection, which when compared,
obtained the same results. The gel and fluorescence-based fragment
analysis system of the LI-COR 4300 DNA analyzer is particularly useful
and suitable for crop breeding research due to the sensitive detection of
mutations and data visualization for genotyping [32]. Breeders could
easily identify those cultivars and potential mutations based on the
high-resolution genotype images from LI-COR 4300 DNA analyzer.
However, the designed forward primers for the selected SSR loci were
elongated at M13 (-21) 18 bp sequence
(50-TGTAAAACGACGGCCAGT-30) based on fluorescent labelling in order
to reduce the cost of the PCR product detection [33]. The designed
primer pairs were first tested for PCR amplification and then used to
amplify the samples from 24 Indian jujube cultivars after optimization.
Origin Genetic background

Taiwan unknown

Taiwan mutant from Kaolang 1

Taiwan mutant from Kaolang 1

Taiwan mutant from Kaolang 1

Taiwan unknown

Taiwan mutant from Mejao

Taiwan mutant from Mejao

Taiwan mutant from Mejao

Taiwan mutant from Mejao

Taiwan mutant from Mejao

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

Taiwan unknown

India native species

ral Science, Taiwan (TNM).
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The PCR conditions were as follows: total volume 25 ul with 20 ng of
template DNA, 1x PCR buffer, 0.2 mM of each dNTP, 0.2 mM of each SSR
xu/4specific primer and 0.25 U Taq DNA polymerase (Promega, Madi-
son, Wisconsin, USA). A two-step PCR amplification was conducted. The
first thermocycling profiles included: initial denaturation at 94 �C for 3
min, followed by 20 cycles of 30 s denaturation at 94 �C, 30 s annealing at
58 �C, 40 s extension at 72 �C and a final extension for 7 min at 72 �C.
Subsequently, 0.075 mM M13 primer 50-labelled with IRDye for LI-COR
4300 DNA analyzer was added in this PCR reaction mixture. The second
thermo cycling profiles were as follows: initial denaturation at 94 �C for 3
min, followed by 10 cycles of 30 s denaturation at 94 �C, 30 s annealing at
58 �C, 40 s extension at 72 �C and a final extension for 7 min at 72 �C.
Samples were denatured in the loading dye (10 mg/ml blue dextran in
formamide) and separated using 6.5% polyacrylamide gel (19:1,7 M
urea) electrophoresis in a LI-COR 4300 DNA analyzer. Fragment lengths
were determined with the aid of an external standard (50–500 bp, GE
Healthcare, USA) and an in-house amplified internal standard (Allele
Locator 1.03 software; Amersham Biosciences, India). Also, the forward
primer of these SSR loci added 18 bp tail sequence
(50-TGTAAAACGACGGCCAGT-30) for the detection by ABI PRISM 3700
DNA Sequencer. These additional sequences are complementary to uni-
versal primer M13, which could be labelled with three fluorescent
primers: 6-FAM (blue), HEX (green) and NED (yellow). The PCR condi-
tions and thermocycling profiles were the same as enumerated above.
The amplification products were analyzed further with the ABI PRISM
3700 DNA Sequencer and coded by using GeneMapper v.3.7 (Applied
Biosystems) to confirm the accuracy of the data.

2.3. Data analysis

In this study, the degree of polymorphism for the 29 newly charac-
terized SSR loci, including the number of alleles (NA), expected hetero-
zygosity (gene diversity) corrected for sample size (HE), observed
heterozygosity (H), the three fixation indices (FIT, FIS, and FST) of F-sta-
tistics [34], the coefficient of gene differentiation (GST) [35] and fixation
indices (RST) of R-statistics [36] were calculated using SPAGeDi [37]. To
evaluate the selective neutrality of microsatellite markers, the
Ewens-Watterson neutrality test was performed by Popgene 1.31 (Yeh
et al. 1997). The polymorphism information content (PIC) [38] was
calculated using PowerMarker version 3.25 [39]. There were three types
of test conducted for bottleneck analysis: sign test, standardized differ-
ence test and Wilcoxon signed rank test under different mutation models
such as Infinite Allele Model (IAM), Stepwise MutationModel (SMM) and
Two Phase Model (TPM) using Bottleneck 1.2.02 (Cornuet and Luikart,
1996).

The dissimilar genetic distance between Indian jujube accessions was
estimated according to Bowcock et al. (1994) and Ciampolini et al.
(1995) [40,41]. This distance was calculated based on the pairwise
comparison between individuals causing a multilocus genetic similarity
value complementary to the multilocus genetic distance (Dm). It is then
converted as the dissimilar genetic distance with 1 – Dm. The cluster
dendrogram reconstruction was derived from the pairwise dissimilar
distance matrix using the unweighted pair-group method (UPGMA)
(MEGA version 5.05) [42].

The Principal Coordinates Analysis (PCoA) was carried out to eval-
uate the relationship among tetraploid Indian jujube cultivars and the
genotypic group structures using the Lynch genetic distance matrix [43]
with the POLYSAT software [44]. The Bayesian-clustering assignment
test in STRUCTURE ver. 2.3.4 [45, 46, 47] was used to estimate the ge-
netic compositions and genotypic group structures that evaluate best for
24 Indian jujube cultivars/lines of their genotypic grouping and degree of
genetic admixture. The posterior probability of K from 1 to 16 was
estimated by the Markov chain Monte Carlo (MCMC) method using the
admixture model [48] in 10,000,000 steps with a 1,000,000-step burn-in
for each run. The posterior probability of each grouping number was
replicated 20 independent runs to evaluate the consistency of the results.
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The Delta K (ΔK) method [49] (STRUCTURE HARVESTER v. 0.6.8) [50]
was performed to generate the dynamic plot of ΔK and the mean of LnP
(K) to evaluate the best fit on the number of grouping. The number of K
with the largest ΔK was considered the best fit.

3. Results

3.1. Characterization of SSR loci, SSR-PCR products

Twenty-nine newly characterized SSR loci were tested for 24 Indian
jujube cultivars after optimization, of which 26 SSR loci were observed as
polymorphic and the other 3 were monomorphic (Table 2). Some SSR
loci showed either one or two PCR products in each sample. This in-
dicates homogeneity or heterogeneity of the sample, respectively
(Figure 1). Other SSR loci had more than two alleles (Figure 2). PCR
amplification was used for 29 SSR loci to carry out the genetic diversity
analysis of 24 Indian jujube cultivars.

3.2. Genetic diversity of Indian jujube cultivars in Taiwan

For the 26 polymorphic SSR loci, a total of 181 alleles were obtained
ranging from 2 to 12 per locus (Table 3) with a mean of 5.24 (Table 3).
The H and HE ranged from 0.04 (Zma173) to 0.82 (Zma282) and 0.04
(Zma173) to 0.83 (Zma282) with a mean of 0.48 and 0.41, respectively.
Moreover, the PIC value of the locus ranged from 0.08 (Zma30, Zma57,
Zma173, and Zma187) to 0.83 (Zma282) with a mean of 0.46 (Table 3).
Among the loci, the Zma282 had the most variations at 12 alleles, 0.83
for HE, 0.82 for H, and 0.83 for PIC indicating a locus with the highest
polymorphism. The three fixation indices, FIT, FIS, and FST had estimates
ranging from -0.78 to 0.47, -1 to -0.2 and 0 to 0.59, respectively. The
corresponding means of the three indices are as follows: -0.17, -0.57 and
0.26, all of which were detected statistically significant. Nevertheless, the
Ewens-Watterson test indicates that the polymorphic SSR loci were
selectively neutral except for Zma73 and Zma282 (Table 4). The results
of the bottleneck tests were shown to be significant suggesting that recent
bottleneck was shaping these Indian jujube cultivars (Table 5). This was
confirmed based on the results of Sign test and Wilcoxon test involving
the 24 cultivars as shown by the excess of heterozygosity based on the
IAM, TPM, and SMM mutation models (Table 5).

3.3. Cultivar identification and similarity test among the cultivars

For all the 29 SSR markers tested, estimates of all possible pair-wise
genetic similarity ranged from 1 to 0.30 with an average of 0.74
(Table 6). Accessions ‘Kaohsiung 6’ and ‘Chad native’ were found to be
least similar genetically with a value of 0.30 (Table 6). In contrast, two
groups exhibited the highest genetic similarity of 1. First, ‘Kaolang1’,
‘Kaolang2’, ‘Kaolang3’ and ‘Tsueimi’ belonged to one group, and the
other group consisted of ‘Mejao’, ‘Cento’, ‘Gingtao’, ‘Daych’, ‘Chungyeh’
and ‘Tsueishiang’. The construction of dendrogramwas based on UPGMA
analysis to evaluate relationship patterns (Figure 3). All cultivars were
divided into two major clades and rooted by ‘Chad native’ due to long
genetic distance. The ‘A’ clade included 14 cultivars while the ‘B’ clade
had 9 cultivars. The ‘A’ clade was further subdivided into ‘A1’ and ‘A2’
groups. However, some cultivars cannot be separated from these groups
as a presumed mutation-derived cultivar. For instance, ‘Kaolang 2’,
‘Kaolang 3’ and ‘Tsueimi’ were likely derived from ‘Kaolang1’, while
‘Cento’, ‘Gingtao’, ‘Daych’, ‘Chungyeh’, and ‘Tsueishiang’ from ‘Mejao’.

The PCoA and assignment test were used to reassign the clustering of
Indian jujube cultivars without any assumptions from prior classifica-
tion. PCoA results revealed the separation between the wild ‘Chad
native’ and the other 23 cultivars (Figure 4A). Furthermore, the
admixture patterns of all domesticated and commercial cultivars in
three axes can explain 79.90% of the variation (31.61%, 21.78%, and
21.76% of the first, second and third axis, respectively) (Figure 4A).
Excluding the wild accession, three other major groups were separated



Table 2. Characteristics of the 29 polymorphic microsatellite loci isolated from Indian jujube (Ta, optimized annealing temperature).

SSR Locus Primers (5’→30) Fluorophore for Li-Cor system Fluorophore for ABI system Allelic size (bp) Repeat Motif Ta (�C) GenBank Accession No.

Zma30 F: ATATTTTCGGCTCCTCACCG
R: ATGTGAAGATGACCCGACCG

IRDye 6-FAM 325–374 (GA)16 58 MG385144

Zma32 F: TGTTTTCTTCTATGGCACAG
R: ATGACGAAGAACCCTGAAGC

IRDye HEX 222–350 (AC)4 (AG)25N (CT)14 (AT)14 58 MG385145

Zma41 F: GTGGTGACCGGGAATCGTG
R: GGAGTGAATAGTGACCCGAGG

IRDye NED 180 (GA)23 58 MG385146

Zma51 F: GTGGGAAGTTTTTGACGCCGCT
R: GTGAGTGCACAGTGGCACCT

IRDye 6-FAM 290–314 (AG)19 58 MG385147

Zma53 F: TGAATAGTGACCGACGGGT
R: TATGGTGGTCCGGTGCATG

IRDye HEX 188–204 (AG)18 58 MG385148

Zma57 F: CCTAAGCTTTCATGTTCCCTCC
R: GCAATGATCCCCAAGCTGTC

IRDye HEX 196–226 (AG)17 58 MG385149

Zma58 F: TACACCATGTGCCAGCTCT
R: GAGAGTAGGCCACGTCAAG

IRDye 6-FAM 288–310 (TC)29 (AC)4 58 MG385150

Zma59 F: CAACAATTTGCGGCTAACTC
R: GAGAAGAAGAAGCCATGTGT

IRDye NED 165–181 (AG)18 58 MG385151

Zma73 F: AATTTGGGTGGCCGGATGGA
R: TTCGACCAATGGGGAAAGGAG

IRDye NED 176–200 (AG)27 58 MG385152

Zma93 F: GCTACATCCTACACAACGCCT
R: TGCAATTCACCAACTGGCACA

IRDye HEX 233–275 (AG)18 58 MG385153

Zma122 F: ACCATATAGCCAACCCCTGGT
R: CCCTGATCCATGCAAGCGT

IRDye 6-FAM 254–296 (AG)28 58 MG385154

Zma131 F: TCCTGTCATGGGCTAGCTG
R: CCTCGAAAAACAACCCCTCC

IRDye NED 143–174 (AG)22 58 MG385155

Zma147 F: TCCTCCTGGACCGACACGT
R: AACCGACCTCGTGGAGTGCA

IRDye HEX 249–265 (AG)25 58 MG385156

Zma148 F: GGATGGAGAAAGACTACAAATTC
R: CTGTTCGCATGAACGTGGCGAG

IRDye HEX 214–250 (AG)29 58 MG385157

Zma158 F: GCCGGAAGTTTCTACGGCT
R: TTGCCTCTCGTTGCCTTGC

IRDye NED 125–135 (AG)18 58 MG385158

Zma166 F: AGAGGCATTGCTTCGCTGGA
R: TCCAAACGTACAAGGCTTCGT

IRDye HEX 231–255 (AG)11N (GT)5 (AT)21 58 MG385159

Zma167 F: CGAAGCTTTAGCCAGCTTACGT
R: TTCACTCCCTCCCCCAACG

IRDye 6-FAM 290–322 (AG)17N (AG)19 58 MG385160

Zma173 F: AGACGAAAAACGGGGGTGG
R: CCATTTGGACCAGCCACGT

IRDye NED 182–190 (AG)25 58 MG385161

Zma180 F: CCAGCGTGTGCATGGTTGG
R: GGCAAACAGTGTCACCCACA

IRDye NED 155 (AG)24 58 MG385162

Zma185 F: TCCTTCTCTGCGAATGGCA
R: TCAAATCCTCCAAACCCCA

IRDye HEX 188–200 (AG)20 58 MG385163

Zma187 F: AAGAGAAACTCCAGCTGCT
R: TGTAACAGAGGCCATACACA

IRDye HEX 194–241 (AG)50 58 MG385164

Zma202 F: CATGTGGCTCGGTGGTGGT
R: TAAAAAGGGGCCCGCAAGT

IRDye NED 172–182 (AG)19 58 MG385165

Zma206 F: AGCATCCAAACAGAGCGGGA
R: CGAGAGACTCGAGCACTGC

IRDye NED 156–180 (AG)20 58 MG385166

Zma258 F: CGTTAATCCAAGCAAACCCCAC
R: AGTGCTCTGTCCTTGATCCCCA

IRDye 6-FAM 270–310 (AG)19 58 MG385167

Zma262 F: TCCAATAGGAGCCTCACCA
R: TCGACAAAAGGTCCCGAGG

IRDye NED 166 (AG)31 58 MG385168

Zma264 F: AAGAGGATGCGGAGTTGGT
R: CAACCTGTCTCGTGAGTGC

IRDye HEX 220–255 (AG)22 58 MG385169

Zma265 F: AGAAGGTTGGGAAGGAGGT
R: GCTTTGCTCGACCCCAACA

IRDye HEX 190–212 (AG)17 58 MG385170

Zma282 F: ACGGTGTTTCTGGTGGACC
R: GATCGACCCCTGGGAGTGA

IRDye HEX 204–236 (AG)21 58 MG385171

Zma283 F: CCAATTGTTCAAGGTGTGAGAG
R: TCACTTGCCACATTACAGAC

IRDye NED 166–190 (CT)10N [32]10 (TTG)7 58 MG385172
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Figure 1. J181 SSR locus analysis of polymorphism in 24 Indian jujube cultivars. M: DNA marker. Lanes 1–24 represent different cultivars (see Table 1).

Figure 2. J58 SSR locus analysis of polymorphism in 24 Indian jujube cultivars. M: DNA marker. Lanes 1–24 represent different cultivars (see Table 1).
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in the PCoA plot (Figure 4B) which is consistent with the dendogram
(Figure 3). The ‘A1’ group in UPGMA dendrogram was distributed be-
tween second and third quadrants, and ‘A2’ group in the first quadrant,
while the ‘B’ group in the fourth quadrant (Figure 4B). Specifically, ‘A1’
group was further divided into two subgroups that distinctly distributed
Table 3. The summary of genetic variation and fixation index based on 29 SSR loci for
of NA (number of alleles), HE (expected heterozygosity, corrected for sample size), H
mation content) by PowerMarker.

Locus NA HE H FIT

Zma30 2 0.05 0.06 0.43*

Zma32 10 0.79 0.78 -0.27*

Zma41 1 0.00 0.00 -

Zma51 5 0.37 0.38 0.41*

Zma53 3 0.52 0.52 0.47*

Zma57 2 0.54 0.53 -0.78*

Zma58 9 0.74 0.74 -0.15*

Zma59 4 0.68 0.67 -0.44*

Zma73 3 0.62 0.62 -0.20*

Zma93 6 0.42 0.42 0.10*

Zma122 7 0.68 0.67 -0.26*

Zma131 6 0.64 0.63 -0.30*

Zma147 4 0.71 0.71 -0.24*

Zma148 8 0.73 0.73 -0.14*

Zma158 8 0.57 0.56 -0.17*

Zma166 9 0.75 0.74 -0.12*

Zma167 10 0.80 0.80 0.00*

Zma173 2 0.04 0.04 0.43*

Zma180 1 0.00 0.00 -

Zma185 7 0.73 0.73 0.08*

Zma187 2 0.69 0.68 -0.44*

Zma202 4 0.62 0.62 -0.34*

Zma206 3 0.57 0.56 -0.71*

Zma258 6 0.73 0.73 -0.21*

Zma262 1 0.00 0.00 -

Zma264 5 0.61 0.61 0.17*

Zma265 8 0.64 0.64 0.21*

Zma282 12 0.83 0.82 -0.21*

Zma283 4 0.61 0.61 0.02*

All loci 5.24 0.41 0.48 -0.17*

Note: Asterisks indicate statistical significance (P < 0.05).
NA number of alleles, Ne number of effective alleles, HE expected heterozygosity, PIC
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‘Kaolang1’, ‘Kaolang 2’, ‘Kaolang 3’ and ‘Tsueimi’ in the second quad-
rant, and ‘Tianmi’, ‘Kaohsiung2’, and ‘Kaohsiung3’ in the third quad-
rant. Apparently, the best fit for the number of grouping was implied as
four with ΔK¼ 162.292 (STRUCTURE HARVESTER v. 0.6.8) [50] based
on the 29 microsatellite loci (Figure 5A). When K ¼ 4, four genetic
all strains of Ziziphus mauritiana Lam. calculated by SPAGeDi which include mean
(observed heterozygosity), FIT, FIS, FST, GST, RST, and PIC (polymorphism infor-

FIS FST GST RST PIC

-0.20* 0.52* 0.25 0.69 0.08

-0.33* 0.05* -0.21 0.22 0.78

- - - - 0.00

-0.20* 0.51* -0.25 0.50 0.63

-0.26* 0.58* 0.18 0.58 0.43

-1.00* 0.11* -0.73 0.56 0.08

-0.62* 0.29* -0.10 0.23 0.80

-0.50* 0.04* -0.34 0.02 0.22

-0.20* 0.00* -0.19 0.01 0.15

-0.32* 0.32* -0.02 0.15 0.73

-1.00* 0.37* -0.22 0.45 0.64

-1.00* 0.35* -0.29 0.44 0.70

-0.25* 0.01* -0.17 0.00 0.28

-0.62* 0.29* -0.25 0.51 0.76

-1.00* 0.41* -0.40 0.58 0.79

-0.33* 0.16* -0.17 0.20 0.74

-1.00* 0.50* -0.09 0.39 0.82

-0.20* 0.52* 0.00 0.52 0.08

- - - - 0.00

-1.00* 0.54* -0.08 0.32 0.70

-0.50* 0.04* -0.39 0.07 0.08

-0.33* 0.00* -0.33 -0.02 0.34

-1.00* 0.14* -0.60 0.58 0.15

-0.38* 0.12* -0.27 0.12 0.67

- - - - 0.00

-1.00* 0.59* -0.09 0.41 0.49

-0.40* 0.43* -0.20 0.45 0.79

-0.33* 0.09* -0.19 0.02 0.83

-1.00* 0.51* -0.24 0.37 0.48

-0.57* 0.26* -0.23 0.24 0.46

polymorphism information content.



Table 4. The Ewens-Watterson test for the selective neutrality of 29 SSR loci by using Popgene.

Obs. F SE L95 U95

Zma30 0.93 0.04 0.38 0.98

Zma32 0.22 0.03 0.22 0.81

Zma41 1.00 ——— ——— ———

Zma51 0.34 0.03 0.24 0.87

Zma53 0.62 0.03 0.29 0.92

Zma57 0.66 0.03 0.25 0.86

Zma58 0.37 0.03 0.23 0.84

Zma59 0.43 0.03 0.28 0.93

Zma73 0.17* 0.03 0.23 0.82

Zma93 0.29 0.02 0.20 0.75

Zma122 0.40 0.02 0.22 0.81

Zma131 0.53 0.03 0.26 0.85

Zma147 0.22 0.04 0.28 0.93

Zma148 0.33 0.02 0.24 0.81

Zma158 0.34 0.03 0.26 0.87

Zma166 0.40 0.03 0.29 0.92

Zma167 0.26 0.03 0.25 0.88

Zma173 0.99 0.03 0.50 0.99

Zma180 1.00 ——— ——— ———

Zma185 0.34 0.03 0.30 0.93

Zma187 0.46 0.02 0.24 0.81

Zma202 0.32 0.04 0.32 0.95

Zma206 0.66 0.03 0.24 0.86

Zma258 0.45 0.02 0.20 0.77

Zma262 1.00 ——— ——— ———

Zma264 0.63 0.03 0.25 0.87

Zma265 0.27 0.02 0.22 0.81

Zma282 0.20* 0.03 0.25 0.88

Zma283 0.68 0.04 0.38 0.99

These statistics were calculated using 1000 simulated samples.
Obs. F - Observed sum of the square of allelic frequency.
SE- Standard error of the mean.
L95- Lower 95% confidence limit.
U95- Upper 95% confidence limit.

* p < 0.05.
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compositions were calculated using the Bayesian-clustering method.
Hence, the 24 Indian jujube cultivars were separated into four groups
(Figure 5B) based on four different compositions (Table 7). This is
consistent with the results of UPGMA dendrogram and PCoA plot except
Table 5. Tests for bottleneck under three microsatellite mutation models.

IAM

Sign Test

He/Ho 14.5/26*

P 0.22

Standardized

T2 2.48

P 0.01

Wilcoxon test

P (one tail for H deficiency) 0.99

P (one tail for H excess) 0.01*

IAM ¼ infinite allele model; TPM ¼ two-phase model; SMM ¼ stepwise mutation m
Wilcoxon rank test with probability of heterozygosity excess; Ho/He ¼ observed and e
(IAM), the two-phase model (TPM), and the stepwise mutation model (SMM); P ¼ pr

* p < 0.05.
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for ‘Tianmi’, ‘Kaohsiung2’, ‘Kaohsiung3’ and ‘Roulong’. Along with
‘Shuemi’, these five cultivars were detected to have a genetic admixture
of two compositions (Figure 5B) suggesting a possible hybrid origin [24,
48].
TPM SMM

15.06/26* 15.29/26*

0.41 0.00

-0.67 -7.43

0.25 0.00

0.38 0.00

0.63* 0.99*

odel; Sign Test ¼ number of loci with heterozygosity excess; Wilcoxon test ¼
xpected number of loci with heterozygosity excess under the infinite allele model
obability. H ¼ heterozygosity.



Table 6. Genetic distance matrix of 24 Indian jujube cultivars using 29 SSR loci (J1–J24 for Indian jujube cultivars refer to Table1).

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 J13 J14 J15 J16 J17 J18 J19 J20 J21 J22 J23 J24

J1 1.00

J2 1.00 1.00

J3 1.00 1.00 1.00

J4 1.00 1.00 1.00 1.00

J5 0.76 0.76 0.76 0.76 1.00

J6 0.76 0.76 0.76 0.76 1.00 1.00

J7 0.76 0.76 0.76 0.76 1.00 1.00 1.00

J8 0.76 0.76 0.76 0.76 1.00 1.00 1.00 1.00

J9 0.76 0.76 0.76 0.76 1.00 1.00 1.00 1.00 1.00

J10 0.76 0.76 0.76 0.76 1.00 1.00 1.00 1.00 1.00 1.00

J11 0.83 0.83 0.83 0.83 0.79 0.79 0.79 0.79 0.79 0.79 1.00

J12 0.86 0.86 0.86 0.86 0.78 0.78 0.78 0.78 0.78 0.78 0.86 1.00

J13 0.80 0.80 0.80 0.80 0.73 0.73 0.73 0.73 0.73 0.73 0.82 0.8 1.00

J14 0.73 0.73 0.73 0.73 0.72 0.72 0.72 0.72 0.72 0.72 0.83 0.77 0.78 1.00

J15 0.72 0.72 0.72 0.72 0.73 0.73 0.73 0.73 0.73 0.73 0.77 0.8 0.76 0.89 1.00

J16 0.72 0.72 0.72 0.72 0.68 0.68 0.68 0.68 0.68 0.68 0.75 0.78 0.78 0.84 0.86 1.00

J17 0.72 0.72 0.72 0.72 0.69 0.69 0.69 0.69 0.69 0.69 0.73 0.73 0.73 0.76 0.79 0.86 1.00

J18 0.73 0.73 0.73 0.73 0.76 0.76 0.76 0.76 0.76 0.76 0.83 0.77 0.81 0.87 0.8 0.76 0.71 1.00

J19 0.78 0.78 0.78 0.78 0.74 0.74 0.74 0.74 0.74 0.74 0.78 0.85 0.78 0.84 0.88 0.83 0.77 0.78 1.00

J20 0.72 0.72 0.72 0.72 0.76 0.76 0.76 0.76 0.76 0.76 0.75 0.74 0.76 0.84 0.82 0.77 0.74 0.82 0.8 1.00

J21 0.66 0.66 0.66 0.66 0.71 0.71 0.71 0.71 0.71 0.71 0.77 0.71 0.72 0.71 0.72 0.7 0.69 0.76 0.72 0.68 1.00

J22 0.76 0.76 0.76 0.76 0.77 0.77 0.77 0.74 0.77 0.77 0.77 0.77 0.73 0.84 0.85 0.74 0.72 0.81 0.85 0.85 0.72 1.00

J23 0.74 0.74 0.74 0.74 0.95 0.95 0.95 0.95 0.95 0.95 0.77 0.74 0.73 0.74 0.74 0.68 0.69 0.78 0.77 0.77 0.72 0.79 1.00

J24 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.35 0.33 0.40 0.33 0.32 0.34 0.31 0.33 0.31 0.35 0.32 0.30 0.34 1.00

Figure 3. Dendrogram showing the genetic relationships among 24 Indian jujube cultivars using SSR markers. Scale bar represents the genetic distance.
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4. Discussion

Chiou et al. (2012) selected 14 higher polymorphic SSR loci [Zma-25,
Zma-29, Zma-107, Zma-161, Zma-168, Zma-181 (Figure 1), Zma-182,
Zma-189, Zma-192, Zma-210, Zma-230, Zma-236, Zma-257, and Zma-
279] as the standard polymorphic molecular markers to detect genetic
variation and reconstruct the genetic relationship of the 24 Indian jujube
cultivars [28]. In this study, however, 26 out of the 29 newly charac-
terized SSR loci were found to be polymorphic and consequently selected
to evaluate the genetic relationship of these cultivars. Although the
stutter bands of PCR products were resolved [52, 53], most SSR loci
(89.66%) (26/29) were observed to have more than two alleles. This
result confirmed the karyotype of Indian jujube as tetraploid (2n ¼ 4x ¼
48) [4,5]. Besides, SSR loci duplication also shows more than two bands
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in PCR products which can be a source of inaccuracy. Other possible
causes of stutter bands in SSR-PCR products are commonly found among
dinucleotide repeat units particularly those with larger repeat numbers
[52, 54]. The stutter products are results from the slippage of DNA po-
lymerase which is a natural process for SSR mutations [51]. It is common
for SSRmarkers interferedwith a high ratio of stutter products, especially
in polyploid plants [55]. However, most stutter bands were shown to be
minor and shorter bands compared to the major bands [56]. Therefore,
bands considered as minor and stutter upon careful inspection were not
included in the analysis of this study.

The obtained HE values of Indian jujube were closer to other tropical
fruit trees such as mango cultivars [27], wax apple [26] and camu-camu
[57], but much lower compared to Japanese plum cultivars [58], apple
cultivars [59], Tunisian orange [60], Asian pear [61] and Chinese jujube



Figure 4. The PCoA analysis performed by POLYSAT based on 29 microsatellite loci from 24 strains of Ziziphus mauritiana Lam. (A) The PCoA plot with the Chad-
native strain. (B) The PCoA plot without the Chad-native strain.
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[62]. These fruit cultivars have strong self-incompatibility [62, 63, 64]
including Indian jujube [7]. Self-incompatibility is a mechanism for
outcrossing that tends to maintain a high degree of heterogeneity in crops
[65]. However, these Indian jujube cultivars were shown otherwise
relative to other self-incompatible fruit trees likely due to narrow genetic
base when first introduced to Taiwan [29]. Several other variants
eventually might have risen as cultivated mutants (Table 1) made by
artificial selection. Moreover, the results in this study revealed that mi-
crosatellite primers were consistent with that of genomic microsatellite
studies in mango (0–0.756 with a mean of 0.525) [66] and Chinese
jujube (0.25–0.88 with a mean of 0.56) [62]. This indicates that SSR as a
molecular marker is useful in investigating genetic relationships of In-
dian jujube cultivars in Taiwan.

The negative values of FIS and FIT would mean an excess of hetero-
zygotes as a result of mating between more distant relatives than the
average within subpopulations [67, 68]. These values among domesti-
cated cultivars also suggest outcrossing due to self-incompatibility based
on the genetic evidence. The results are likewise in agreement with that
of spontaneous mutations where alleles always have identical genetic
composition using SSR markers [69, 70, 71]. Nevertheless, several
studies demonstrated that retrotransposon markers effectively detect
spontaneous mutations [72]. These reports imply that SSR markers are
less suitable for these mutations, but are favorable for cultivar identifi-
cation [24, 25, 27]. Because of this limitation, it is suggested that the
commercial cultivars like ‘Kaolang2’, ‘Kaolang3’, ‘Tsueimi’, ‘Cento’,
‘Gingtao’, ‘Daych’, ‘Chungyeh’ and ‘Tsueishiang’ are considered de-
scendants of either ‘Kaolang1’ or ‘Mejao’ by spontaneous mutations.
8

Indian jujube cultivars were domesticated from wild jujube
(Z. rotundifolia) [73, 74] between 1500 BC to 300 AD based on Indian
archaeological and literary records [51]. The ability of different taxa such
as Z. nummularia, Z. oenoplia, Z. rugosa, Z. sativa, Z. vulgaris and
Z. xylopyrus to cross freely had formed Z. rotundifolia that enriched the
gene pool of Z. mauritiana by increasing the genetic variations of their
adaptability to different environments [51]. Breeders cultivated different
varieties and selected descendants based on disease resistance, fruit size
and sugar contents [51]. It was introduced from India to Indochina
several times and cultivated in Southern Taiwan around 1944 [75]. This
shows that the genetic composition of SSR loci might be contributed by
various pollen flow resulting to admixture in some cultivated varieties
such as ‘Tianmi’, ‘Kaohsiung2’, ‘Kaohsiung3’, ‘Roulong’ and ‘Shuemi’ in
Taiwan. Other cultivars that might have been generated by spontaneous
mutations include ‘Kaolang1’, ‘Mejao’ and their mutation-derived culti-
vars that had exactly identical compositions based on SSR markers [69,
70, 71].

The Indian jujube is one of the commercially important fruit crops in
Taiwan. Lately, several new cultivated varieties were developed by
breeders using both spontaneousmutation technology and the traditional
artificial hybridization. The standard identification system of SSR marker
is an important method to aid breeders in the improvement of com-
mercial cultivars. In this study, we developed 29 primer sets consisting of
26 polymorphic and 3 monomorphic microsatellite loci from Indian
jujube. These SSR markers detected that spontaneous mutations might
have risen recently exhibiting identical genetic compositions with their
potential progenitor. The cultivated varieties with genetic admixture



Figure 5. Plots of (A) the log likelihood and ΔK and (B) the best clustering at K ¼ 4 estimated by the program Structure analysis of the full data set of 24 strains of
Ziziphus mauritiana Lam. The vertical lines represent the 24 strains.

Table 7. Genetic compositions of Indian jujube cultivars based on the Bayesian-clustering method.

Cultivars Composition 1 Composition 2 Composition 3 Composition 4

Kaolang 1 0.997 0.001 0.001 0.001

Kaolang 2 0.997 0.001 0.001 0.001

Kaolang 3 0.997 0.001 0.001 0.001

Tsueimi 0.997 0.001 0.001 0.001

Mejao 0.001 0.996 0.001 0.001

Cento 0.001 0.996 0.001 0.001

Gingtao 0.001 0.996 0.001 0.001

Dayeh 0.001 0.996 0.001 0.001

Chungyeh 0.001 0.996 0.001 0.001

Tsueishiang 0.001 0.996 0.001 0.001

Tianmi 0.287 0.010 0.688 0.016

Kaohsiung 2 0.252 0.004 0.670 0.074

Kaohsiung 3 0.379 0.003 0.610 0.008

Kaohsiung 5 0.005 0.013 0.976 0.005

Kaohsiung 6 0.064 0.004 0.849 0.082

Yuguan 0.010 0.066 0.918 0.006

Biyuan 0.002 0.002 0.992 0.004

Hongyung 0.002 0.002 0.992 0.003

Hsinsuchi 0.002 0.005 0.949 0.043

Huangguan 0.012 0.017 0.963 0.009

Telong 0.003 0.002 0.990 0.005

Roulong 0.006 0.034 0.461 0.499

Shuemi 0.003 0.633 0.023 0.341

Chad native 0.001 0.001 0.001 0.998
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were results of the past hybridization or introgression caused by artificial
or natural occurrence. Therefore, the 29 new primer sets for Indian
jujube SSR loci reported here are useful for evaluating genetic diversity,
developing a standard system for cultivar identification and analyzing
lineage of this tropical fruit tree.
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