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Yanjie Qiao, Yuping Zhang* and Qinghua Pan*

Key Laboratory of Biology and Genetic Improvement of Horticultural Crops (North China), Ministry of Agriculture, Beijjing
Engineering Research Center for Deciduous Fruit Trees, Institute of Forestry and Pomology, Bejjing Academy of Agriculture
and Forestry Sciences, Beijing, China

Jujube (family Rhamnaceae) is an important economic fruit tree in China. In this
study, we reported 26 chloroplast (cp) sequences of jujube using lllumina paired-
end sequencing. The sequence length of cp genome was 161, 367-161, 849 bp,
which was composed of a large single-copy region (89053-89437 bp) and a small
single-copy region (19356-19362 bp) separated by a pair of reverse repeat regions
(26478-26533 bp). Each cp genome encodes the same 130 genes, including 112
unigue genes, being quite conserved in genome structure and gene sequence. A total
of 118 single base substitutions (SNPs) and 130 InDels were detected in 65 jujube
accessions. Phylogenetic and haplotype network construction methods were used to
analyze the origin and evolution of jujube and its sour-tasting relatives. We detected 32
effective haplotypes, consisting of 20 unique jujube haplotypes and 9 unique sour—jujube
haplotypes. Compared with sour—jujube, jujube showed greater haplotype diversity at
the chloroplast DNA level. To cultivate crisp and sweet fruit varieties featuring strong
resistance, by combining the characteristics of sour-jujube and cultivated jujube, three
hybrid combinations were suggested for reciprocal crosses: “Dongzao” x “Jingzao39,”
“Dongzao” x “Jingzao60,” “Dongzao” x “Jingzao28.” This study provides the basis for
jujube species’ identification and breeding, and lays the foundation for future research.

Keywords: Ziziphus jujuba, chloroplast genome, genomic structure, phylogenetic analysis, evolutionary
relationship, breeding strategy

INTRODUCTION

Jujube (Ziziphus jujuba Mill.) is woody plant native to China, distributed throughout the country,
that has been cultivated thousands of years there, and is now also grown across Asia, Europe, and
the Americas (Guo et al., 2011). Jujube fruit is sweet and rich in vitamin C. Accordingly, Chinese
jujube has important economic value as a food and a resource for the production of medicines
and other health-promoting products (Shan et al., 2019; Rashwan et al., 2020; Sabri et al., 2021).
Although there are extremely rich germplasm resources for jujube, the lack of improved varieties
remains a limiting factor for its industrial development (Chang, 2018; Liu P. et al., 2020).

There are 700 jujube varieties and 30 sour-jujube varieties included in Chinese fruit trees record-
Chinese jujube (Qu and Wang, 2013). Among them, 261 are suitable fresh-eating varieties, 224
are dried-fruit varieties, 159 are concurrent varieties and 56 candied date varieties. However, none
of these varieties were obtained through cross breeding, having instead been selected from local
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varieties through long-term natural variation. So far, few novel
varieties have been successfully bred through cross breeding.
The breeding structure of jujube in China is characterized by
disequilibrium. Among the existing production area and yield
of jujube, about 80% of each is used for dried fruit (“dates”)
and processing, with less than 20% of each used for fresh-fruit
consumption. Special processing of certain varieties still lacks
research and development. The degradation of local traditional
jujube varieties is serious, leading to uneven quality and poor
resistance against disease (Wang et al., 2012).

Both objective and subjective factors currently hinder the
development of jujube hybrid breeding programs. Objective
factors: First, jujube flowers are small, generally 5-7 mm in
diameter, which makes it difficult for anthers and stamens
to be manually peeled off; hence, both emasculation and
artificial pollination are challenging. Second, the fruit-setting
rate of jujube trees is very low, with a blooming period
of 2 months in which flowers are abundant. The buds,
flowers and fruits coexist during this blooming period. The
nutritional competition among these parts is fierce, resulting in
less effective flowers, a short effective pollination period, and
serious flower and fruit drops. Accordingly, the natural fruit-
setting rate of jujube is 1-2%, and likewise low for artificial
hybridization. Third, jujube’s embryo abortion rate is high,
and its kernel rate is low. Embryo abortion is prevalent in
many varieties of jujube; this causes fruit drop, while late
embryo abortion leads to no seed kernel formed, a crucial factor
affecting artificial hybrid breeding. Subjective factors: Breeders
tend to be bound by traditional concepts of hybrid breeding.
At its core, artificial hybridization is the artificial selection
of parents. Artificial emasculation, fertilization, and bagging
are the breeding methods used for hybrid offspring, which
ignores an in-depth understanding of the nature of hybrid
breeding, impeding innovation, which seriously hinders the
advancement of jujube hybrid breeding programs (Li and Wei,
2013; Wang et al., 2016).

Furthermore, systematic records during the breeding
or vegetative propagation of jujube hybrids and/or clones
Additionally, for those breeding activities
whose priority registration is that of new high-performing
clones, it is absolutely essential have clear, unequivocal
species identification.

There are two main ways to study biological evolution:
(1) classical taxonomy based on apparent traits, and
(2) biochemical and molecular analyses. Morphological
markers are appearance traits that exhibit clear genetic
polymorphisms (Li et al, 2015). Li et al. (2015) proposed
an adaptive relationship exists between jujube leaf veins and
temperature and precipitation, and argued that leaf vein
characteristics could be used as a key feature to distinguish
varieties and determine their patterns of introduction into
different regions. However, quantitative traits are susceptible
to external factors, and so they cannot fully convey the
genetic variation harbored within a species. Molecular marker
technology has since become the main method by which
analyze genetic diversity, and now widely used in jujube genetic
diversity research. In this respect, simple sequence repeat

are  scarce.

(SSR) markers have the advantages of stability, repeatability,
and co-dominance. An example of their use is the work by
Zhang et al. (2013), who used five pairs of SSR primers to
analyze the genetic diversity and population structure of 50
different jujube samples collected along the Yellow River in
Shaanxi Province.

For along time, the taxonomic status of jujube and sour-jujube
has been controversial (Li et al., 2018; Wang et al., 2019; Liu M.
et al,, 2020). To address these questions, many studies have been
carried using molecular markers to analyze the nuclear genome,
including those focusing on the haplotype composition, genetic
diversity, and geographical origin of jujube (Liu et al., 2014; Shen
et al., 2020; Song et al., 2021). Notably, chloroplast microsatellite
markers were used to analyze cytoplasmic inheritance. For
example, using chloroplast SSR technology (Yang, 2014) found
that jujube and sour -jujube shared multiple haplotypes, with no
significant genetic differentiation between these two populations,
which suggests the evolution of sour-jujube into jujube occurred
via multiple paths. Shen (2016) used nuclear and chloroplast SSR
markers to comprehensively analyze polymorphism information,
uncovering rich genetic diversity in Chinese jujube that was
greater in sour-jujube than jujube at the nucleoplasm level. Yet,
relatively few studies have conducted detailed genetic analyses
of jujube vis-a-vis sour-jujube. Here, we present the complete
and annotated DNA sequences for the chloroplast genomes
of Ziziphus jujuba (jujube) and Z. jujuba var. spinosa (sour-
jujube).

Chloroplast is one pigment body in algae and green plants,
being a semiautonomous organelle in which photosynthesis
occurs in plant cells. It has its own independent genome that
encoded a series of specific proteins, and contains independent
genetic materials and systems. Further, the chloroplast is also
involved in the biosynthesis of fatty acids, vitamins, pigments,
and amino acids, and thus critical for developmental processes
that include these compounds (Prabhudas et al., 2016).

The chloroplast genome is a circular DNA molecule in
angiosperms that has a typical tetragonal structure and consists
of two inverted repeats (IR), a short single copy sequence
(SSC), and a long single-copy sequence (LSC). Changes in the
size of the chloroplast genome during evolution are mainly
due to the extension, reduction, or loss of the IR regions and
changes in the length of intergenic regions. The chloroplast
genome is small in size, ranging from 120 to 217 kb. Compared
with the nuclear and mitochondrial genomes, the chloroplast
genome is more conserved in both its gene content and physical
structure (Raubeson and Jansen, 2005). The nucleotide mutation
rate of chloroplast genes is moderate, being higher than that
of mitochondrial genes but lower than that of nuclear genes
(Dong et al., 2020). Evolutionary events, such as gene mutation,
duplication, loss, and rearrangement, have been detected in
chloroplast genomes (Dong et al, 2013; Choi et al, 2016).
The chloroplast genome is haploid, non-recombining, and
maternally inherited, rendering it an ideal model for evolutionary
and comparative genomic research (Birky, 2001; Wu and Ge,
2012). At a higher classification level, the comparative analysis
of chloroplast genomes is proving useful for phylogenetic
studies (Abdullah et al., 2020, 2021) and understanding genome
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evolution as related to changes in genome size, gene and
intron loss, and nucleotide substitution (Ahmed et al., 2020;
Lee etal., 2021). Comparative studies on chloroplast genomes
have been conducted on multiple focus species (Young et al.,
2011), genera (Greiner et al, 2008), and families of plants
(Daniell et al., 2006).

Chloroplast genomes are reconstructed in phylogeny and
DNA barcoding studies, and can be used to investigate the
geographical origins of some important domesticated crops.
However, there are relatively few studies that examine the genetic
relationships of intraspecific varieties for breeding strategy
(Daniell et al., 2016).

This study had four objectives: (1) To study the global
structure of the chloroplast genome in jujube; (2) To
analyze the polymorphism of nucleotide sequences and
variation in repeat sequences among jujube chloroplast
genomes; (3) To construct a haplotype network using these
chloroplast genome sequences, to explore the phylogenetic
relationships between jujube and sour-jujube; (4) To select
parents for hybrid combinations of fresh-fruit jujube varieties.
Our results will be useful for the identification of jujube
cultivars, for determining their origins, for genetic breeding
improvement and plant protection, and for conducting further
evolutionary studies.

MATERIALS AND METHODS

Plant Material Collection and DNA

Extraction

We sequenced 26 jujube accessions in this study. All the
sampled plants were cultured in the germplasm resources nursery
of Institute of Forestry and Pomology, Beijing Academy of
Agriculture and Forestry Sciences, Beijing, China. The plants
were identified by Professor Qinghua Pan.

The specimens were stored in Key Laboratory of Biology and
Genetic Improvement of Horticultural Crops (North China),
Ministry of Agriculture. Each fresh leaf was immediately dried
and stored with silica gel before its DNA extraction. Total DNA
was extracted from 26 leaf samples using a modified CTAB
protocol (Li J. et al., 2013). The high-quality total DNA samples
were then stored at -80°C until their use.

Including the other 39 data downloaded from the Sequence
Read Archive database (NCBI), a complete sample list can
be found in Supplementary Table 1. All of 65 materials,
corresponding to 52 cultivated jujube and 13 wild sour-jujube,
were included in the analyses below.

DNA Fragmentation, Library Preparation,

and High-Throughput Sequencing

Total DNA was fragmented by ultrasonication, and 350 bp
DNA fragments were recovered by gel cutting. Libraries with
an average length of 350 bp were constructed using the Nextera
XT DNA Library Preparation Kit (Illumina, San Diego, CA,
United States). Sequencing was performed on the HiSeq X Ten
PE150 platform (Illumina).

Data Assembly

The raw data obtained from high-throughput sequencing were
subjected to quality control procedures, by using Trimmomatic
v0.36 (Bolger et al., 2014), after which SPAdes v3.10 was used
for the de novo data assembly (Bankevich et al, 2012). The
BLAST program was used to select chloroplast genome contigs
from the assembled data (Altschul et al., 1997). Next, the
chloroplast genome contigs were assembled using Sequencher
4.10." Published original second-generation sequencing raw data
were downloaded from the Sequence Read Archive (SRA)
database (refer to Supplementary Tables 1, 2) and chloroplast
genome assembly was performed.

Chloroplast Genome Annotation

Annotations was performed using the Plann script (Huang and
Cronk, 2015), with the published chloroplast genome of Z. jujuba
(GenBank number KX266829) serving as the reference sequence.
Some unsuccessfully annotated or incorrectly annotated genes
were manually added using Sequin software.

Analysis of Variation Within Species

The chloroplast genome sequences of all jujube materials were
assembled and aligned using MAFFT v7 software (Katoh and
Standley, 2013). Informative sites and variable sites in the whole
chloroplast genome, IRs, LSC, and SSC regions were counted
by MEGA V7.0 for the comparison and alignment of sequence
matrices (Sudhir et al.,, 2016). The nucleotide diversity, number
of haplotypes, and haplotype diversity of the sequences were
calculated using DnaSP V6 (Rozas et al., 2017). The orientation of
single base substitutions (SNPs) and insertions/deletions (InDels)
in each chloroplast genome is based on RBZ12. InDels were
classified as described elsewhere (Dong et al., 2020).

Phylogenetic Analysis

The chloroplast genomes of jujube and sour-jujube were
compared to determine their phylogenetic relationships using
the maximum likelihood method (ML). The ensuing ML trees
were analyzed using RAXML v.8.2 software (Alexandros, 2014)
with the evolution model set to “GTR-GAMMA.” A heuristic
search was used to find the best tree, for which the support
rate of each node was determined via 500 rounds of fast self-
expansion analysis.

Haplotype Network Construction

The haplotypes of the chloroplast genomes were calculated using
DnaSP v6 software, and PopART software was used to build the
TCS network diagram (Leigh and Bryant, 2015).

Phenotyping

Phenotypic traits of the jujube breeding materials were tested
here according to China national industry standard test guide
LY/T2190-2013 (Li X. et al., 2013). Their fruit quality indexes
were also tested according to the national standard by Pony
Testing International Group.”

Thttps://www.genecodes.com/
Zhttp://zx.ponytest.net.cn/
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RESULTS

Chloroplast Genome Size

The chloroplast genome sizes of the 65 jujube materials analyzed
in this study are shown in Supplementary Table 3. A genome’s
total sequence length ranged from 161,367 to 161,849 bp. The size
of the LSC region was 89,053 to 89,437 bp and that of the SSC
region was 19,356 to 19,362 bp, while that of the IR (A/B) regions
was 26,478 to 26,533 bp (Figure 1). Overall, the GC content of
the chloroplast genomic sequences was consistent, at 36.7-36.8%,
while that of the LSC, SSC, and IR (A/B) regions respectively were
34.5-34.6, 30.9, and 42.6% (Supplementary Table 3). Thus, the
sequence lengths of the 65 chloroplast genomes were very similar,
and their GC content almost the same. These chloroplast genome
sequences have been added to the SRA under accession number
(Supplementary Table 3).

A total of 130 genes were encoded in the chloroplast genome
of jujube, including 112 unique genes. There were 18 genes in the
IR region. Among the 112 unique genes, 76 were protein-coding
genes, 4 were ribosomal RNA (rRNA) genes, and 30 were transfer
RNA (tRNA) genes. Among the annotated genes, 17 contained
introns, including 15 with a single intron (nine protein coding
genes and six tRNA genes), and two having two introns each
(clpP and ycf3). Among the 18 duplicated genes, there were seven
protein-coding genes, seven tRNA genes, and four rRNA genes.
The LSC region contained 60 protein-coding genes and 22 tRNA
genes, while the SSC region had 12 protein-coding genes and
one tRNA gene. Protein-coding genes in the chloroplast genome
included nine encoding large ribosomal proteins (rpl2, 14, 16, 20,
22, 23, 32, 33, 36); 12 encoding small ribosomal proteins (rps2,
3, 4,7, 8 11, 12, 14, 15, 16, 18, 19); six encoding photosystem
I components (psaA, B, C, 1, ], ycf4), 15 encoding photosystem
II components, and six encoding ATP synthase and electron
transport chain components (atpA, B, E, E H, I) (Table 1, Figure
1). The exons at the 5" end of rps12 were positioned in the LSC
region, and the repeat exons at the 3’ end were located in the IR
region. Sequence analyses revealed that 45.66% of the chloroplast
genome sequence encoded proteins, with another 1.73 and 5.60%
that encoded tRNAs and rRNAs, respectively. The remaining
47.01% of the chloroplast genome consisted of introns, intergenic
spacers, and pseudogenes.

Chloroplast Genome Variability Analysis
Chloroplast genome variability was analyzed by detecting SNPs
and InDels, which arise via translocation, inversion, and
tandem duplication.

Number and Pattern of Single Base Substitution
Mutations

We distinguished 118 SNPs: 85 in the LSC, 4 in the IRs, and 29
in the SSC (Supplementary Table 4). Of all the SNPs, 69 were
in intergenic spacer regions, 37 in exon regions, and 12 in intron
regions. ycfl had the highest number of SNPs (7), followed by
atpF (5). A total of 45 transitions (Ts) and 73 transversions (Tv)
were detected, and their Tv-to-Ts ratio was 1:0.6, which indicating
a bias toward transitions. The most frequently occurring SNP

mutations were those of C to T and G to A; by contrast, mutations
from C to G and from G to C were the least frequent.

Number and Pattern of InDel Mutations

We detected 47 non-repeat InDels, two being in the IRs (trnR,
trnR-rrn5) and 45 in the LSC (Supplementary Table 5). We
found 36 gene spacers in one exon (accD) and eight introns
(atpF 1, ycf 32, trnL 5). Most of these non-repeat InDels (85.1%)
were 1-24 bp in length. We distinguished 22 repeat InDels,
among which two were in the IRs (ycf2-trnL, trnL-ycf2) and 20
in the LSC. Nineteen gene spacers were identified in one exon
(trnL-ycf2) and two introns (ycf3). Most of the repeat InDels
(81.1%) were 1-17 bp in length. We found 61 SSR InDels: four
in the IRs (rps19-rpl2, rrn5-truR, rpl2-rps19, trnR-rrn5), 48 in
the LSC, and nine in the SSC. Pattern diagram of SNP and
distribution diagram of non-repeat indel and repeat indel were
showed (Supplementary Table 5 and Figures 2, 3).

Phylogenetic and Haplotype Network

Construction

Phylogenetic and haplotype network construction methods were
used to analyze the origin and evolution of jujube and its sour-
jujube. As Figures 4, 5 show, and as conveyed in Supplementary
Table 6, we detected 32 effective haplotypes, consisting of 20
unique jujube haplotypes and 9 unique sour-jujube haplotypes.

DISCUSSION

Chloroplast Genome Variability

Chloroplast genome variability was analyzed by detecting SNPs
and InDels, which arise via translocation, inversion, and tandem
duplication. The nucleotide mutation rate of chloroplast genes is
moderate (Dong et al., 2020), and the evolutionary events have
been detected in chloroplast genomes (Dong et al.,, 2013; Choi
et al., 2016). Comparative studies on chloroplast genomes have
been conducted on multiple focus species (Young et al., 2011),
genera (Greiner et al., 2008), and families of plants (Abdullah
et al., 2020, 2021; Ahmed et al., 2020; Lee et al., 2021), but, there
are relatively few reports about chloroplast genome variability of
intraspecific varieties (Daniell et al., 2016; Nock et al., 2019; Park
et al., 2020).

In this study, We distinguished 118 SNPs, 47 non-repeat
InDels, 22 repeat InDels and 61 SSR InDels among 65 jujube
chloroplast genomes. Therefore, the genetic diversity of jujube
chloroplast genome is higher compared with other species (Nock
et al,, 2019), suggesting that chloroplast genome sequences are
indeed very well suited for the differentiation of jujube varieties.

Evolutionary Relationship Between

Jujube and Sour-Jujube

The chloroplast genome is haploid, non-recombining,
and maternally inherited, rendering it an ideal model for
evolutionary and comparative genomic research (Birky, 2001;
Wu and Ge, 2012). In other research, such analyses have revealed
copy number variations and rearrangements that were useful for
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FIGURE 1 | Map of the Ziziphusjujuba and Ziziphusjujuba var. spinosa chloroplast genomes. Genes marked inside the circle are transcribed clockwise; genes
marked outside the circle are transcribed counterclockwise. Colored shading indicates the gene functional groups. Innermost dark gray corresponds to the GC
content; and light gray corresponds to the AT content.

phylogenetic reconstruction, DNA barcoding (Hollingsworth  from the literature as well as from our own work suggest that

et al., 2011), and the investigation of geographical origins of chloroplast genome sequences are indeed very well suited for the

some important crops (Delplancke et al., 2013). differentiation of old varieties. On the other hand, they are less or
Although individual gene segments on the chloroplast genome  not suitable for the genetic differentiation of modern cultivars, as

are already used for species differentiation in barcoding studies  they are often too closely related (Teske et al., 2020).

on plants, little is known about the usefulness of the entire

chloroplast genome for intraspecies differentiation in general and 1. Because the chloroplast is highly conserved, the rate

for differentiation between modern varieties in particular. Results of mutation and generation of novel haplotypes occurs
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TABLE 1 | Genes in the jujube chloroplast genome.

Gene product

Gene product name

Gene name

0 N O O~ W N =

- a4 a4 ©
w N = O

Photosystem |
Photosystem |l
Cytochrome b6/f

ATP synthase

Rubisco

NADH oxidoreductase
Ribosomal proteins (LSU)
Ribosomal proteins (SSU)
RNA polymerase

Other proteins

Proteins of unknown function
Ribosomal RNAs
Transfer RNAs

psaA, B, C, |, J, ycf4

psbA, B, C,D,E,FH, I,J,K,L,LM,N, T, Z
petA, B2, D?, G, L, N

atpA, B, E, F3, H, |

rbcL

ndhA?, B> ¢, C,D, E, F, G, H, I J, K
rpl28:¢ 14, 169, 20, 22, 23°, 32, 33, 36
rps2, 3, 4, 7°, 8, 11, 12a.c.d 14 15,162, 18, 19°
rpoA, rpoB, rpoC12, rpoC2

accd, ccsa, cemA, prPb, matK

ycf2c, 3P, yef15°, infA®, ycf1®

rm4.5°, 5°, 16°, 23°

trHGUG), K(UUU)?, QUUG), S(GCU), GIUCC)?, RUCU), C(GCA), D(GUC), Y(GUA), E(UUC),
T(GGU), S(UGA), G(GCO), IM(CAU), S(GGA), TIUGU), LUAAR, F(GAA), VUAC)2, M(CAU), W(CCA),

P(UGG), I(CAU)°, LICAAY, V(GAC)®, I(GAU)®C, AUGC) % R(ACG)®, N(GUUC, LiUAG)

aGene containing a single intron;

bGene containing two introns;

¢Two gene copies in the irs;

9Gene divided into two independent transcription units;
ePseudogene.

o
o

Number of SNPs

transition

FIGURE 2 | Pattern diagram of single base substitution (SNP) in Z. jujuba chloroplast genomes.

transversion

over thousands of years, resulting in a lower number
of discoverable haplotypes, even over large sample
areas (Cruzan and Hendrickson, 2020). In this study,
We detected 32 effective haplotypes, resulting in a higher
number of discoverable haplotypes, consisting of 20 unique
jujube haplotypes and 9 unique sour-jujube haplotypes.
Among them, 3 sour-jujube and 20 jujube were haplotype-
2, one sour-jujube and one jujube were haplotype-19, 4
sour-jujube and 5 jujube were haplotype-25. Compared
with sour-jujube, jujube displayed greater haplotype
diversity at the chloroplast DNA level. Haplotype-18
(“Xingtaizao5”), 29 (“Qingjianzao”), and 30 (“Suanzao”)
are transitional types between jujube and sour-jujube. In
this study, the chloroplast genome was used to standardize
the phylogenetic position of jujube germplasms (Figure 5).

For the phylogenetic analysis of chloroplast genomes,
ML and BI methods were implemented; both gave a near
identical topological structure, with most nodes in either
phylogenetic tree having high bootstrap support values.

. Our chloroplast haplotype analysis revealed the

germplasms of jujube can be clearly divided into two
groups (Figure 4), sour-jujube (complex A) and jujube
group (complex B). Although some varieties were named
sour-jujube (suanzao, in Chinese), the maternal source was
not sour-jujube and vice versa.

. The study of human surnames is of great significance

(Murci et al., 2001; Cldudia et al., 2021). Human surnames
are basically determined by Y chromosome information.
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FIGURE 4 | Haplotype network diagram and phylogenetic tree. (A) Phylogenetic tree. (B) Haplotype network diagram. Circles denote haplotypes. Circle size
corresponds to the proportion of a specific haplotype out of 65 samples; red represents the jujube group, while blue represents sour-jujube group.
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FIGURE 5 | Phylogenetic tree of 65 jujube plastomes based on whole chloroplast genome sequences with maximum likelihood and Bayesian inference. Numbers

near the nodes are values for bootstrap support.
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Especially, Chinese people have strict paternal surnames,
which basically correspond to Y chromosome one by one
(Chen et al.,, 2019; Zeng et al., 2019). Similarly, we used
chloroplast genomic study to find the maternal surname
for each jujube germplasm.

Hybrid Breeding Strategy and Parents

Selection Suggestion

Hybrid breeding is the most effective and conventional method
used to breed fruit tree. Through sexual hybridization, separation
and recombination of parental genetic material, and innovative
genetic variation, hybrid breeding of fruit trees applies knowledge
of plant genetic laws to cultivate new varieties with superior
or comprehensive sought-after traits of parents. Further, it can
use additive and non-additive genetic effects of the parents to
maintain the genetic characteristics of hybrid types via asexual
reproduction.

Advances in plant genome biology have inspired innovative
approaches to expedite the progress of assembling desirable
phenotypes in crop breeding programs. A set of haplotype-
defining markers can provide crop breeders with an increased
opportunity to attain optimized genetic combinations for
improved plant performance (Bevan et al, 2017). In this
respect, useful haplotypes were discovered for future breeding
in rice (Abbai et al., 2019) and pigeonpea Cajanus cajan
(Sinha et al., 2020). There is a need to track the inheritance
patterns of haplotypes in crop breeding pedigrees. This is
pivotal for assembling new genomic combinations because it
helps to identify optimal parents for crosses that contain the
desired combinations of traits or features (Varshney et al,
2021). Here, our analysis of chloroplast haplotypes from 65
jujube plastomes indicates that the varieties of jujube can
be robustly separated into two groups. The haplotype map
(Figure 4) provides us with a breeding navigation map which
can help us make hybridization strategies according to the
distance of kinship. Compared with selecting parents from single
subpopulations, selecting parents from these two subpopulations
can significantly broaden and augment the genetic diversity of the
hybrid offspring.

The variety structure of jujube in China is still dominated by
cultivars for making dry fruit products. Yet, cultivars bearing fruit
for fresh consumption are gaining more and more recognition
in the marketplace because of their rich nutritional components;
not surprising, their planting coverage is also expanding rapidly.
Fresh-consumption varieties of jujube are mainly late-maturing
varieties, such as “Dongzao” and “Lizao,” and there is dearth of
high-quality, medium and early maturing varieties. “Dongzao,”
mainly distributed in the provinces of Shandong, Hebei and
Shaanxi, is presently the largest fresh-consumption jujube variety
in China. But this variety is beset by several limitations,
under normal cultivation conditions, the northernmost line of
cultivation is in Tianjin and Baoding (Hebei Province). The
germination rate of “Dongzao” is low, and so is its fruit-setting
rate is also low, though this can be increased by spraying the
plants with gibberellin. The fruit-setting rate is low in the north,

and the risk of frost is greater north of Beijing (Wang et al., 2012;
Shi et al., 2020). Jingzao series varieties are bred by Institute
of Forestry and Pomology, Beijing Academy of Agriculture
and Forestry Sciences, and are deemed suitable for planting
in northern China and western China, having the advantages
of producing large-sized fruit, in high yields, at early maturity
(Qinghuaetal., 2011). According to the haplotype map (Figure 4)
and mounting demand for jujube’s fresh fruits for eating and their
breeding in northern China, we propose the following hybrid
design.

Hybrid design (Phenotypic traits and the fruit quality indexes
of breeding materials were obtained according to China’s national
standard).

1. “Dongzao” x “Jingzao39”(reciprocal cross)

“Dongzao” Jujube features: The fruit is round, medium
or large, normal fruit weight < 20 g, pulp is sweet,
crisp, and good tasting; low natural fruit-setting rate
and low fruit cracking rate; fruit matures in early
and middle October. Each fruit has a total soluble
sugar content of 22.2%, soluble solid content of 34.1%,
titratable acid content of 0.43%, and vitamin C content
of 352 mg/100 g.

“Jingzao39” features: Fruit is egg-shaped; normal fruit
weight > 25 g, sour and sweet pulp, crisp, and good tasting,
high natural fruit-setting rate, high fruit-cracking rate,
fruit matures in mid and late September. Its total soluble
sugar content is 21.7%, soluble solid content is 25.4%,
titratable acid content is 0.36%, and the vitamin C content
is 253 mg/100 g.

Hope to obtain: high natural fruit-setting rate, larger fruit
than “Dongzao,” sour and sweet taste (i.e., sweeter than
“Jingzao39”), low or non-cracking fruit rate, maturation at
the end of September and in early October, and stronger
resistance to diseases and insects.

2. “Dongzao” x “Jingzao60” (reciprocal cross)

“Jingzao60” features: Egg shape, fruit size > 25 g, slightly
smaller than Beijing jujube 39. The pulp tastes sour and
sweet, crisp, good taste, high natural fruit setting rate,
fruit cracking rate is lower than “Jingzao39;,” mature in
mid and late September. The total soluble sugar content
was 18.6%, the soluble solid content was 26.1%, the
titratable acid content was 0.56%, and vitamin C content
is 324 mg/100 g.

Hope to obtain: high natural fruit-setting rate, larger fruit
than “Dongzao,” sour and sweet taste (i.e., sweeter
than“Jingzao60”), low or non-cracking fruit rate,
maturation in the end of September and in early October,
and stronger resistance to disease and insect.
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3. “Dongzao” x “Jingzao28”(reciprocal cross)

“Jingzao28” features: Fuit has an apple-like shape, with
a size > 25 g; sour and sweet pulp, crisp, good tasting,
high natural fruit-setting rate and high fruit-cracking rate,
but both lower than “Jingzao39,” matures in mid and late
September. Its total soluble sugar content is 21.6%, soluble
solid content is 28.4%, titratable acid content is 0.41%, and
vitamin C content is 275 mg/100 g.

Hope to obtain: high natural fruit-setting rate, larger fruit
size than “Dongzao,” sour and sweet taste (i.e., sweeter than
“Jingzao28”), low or non-cracking fruit rate, maturation at
the end of September and in early October, and stronger
resistance to disease and insect.

From a genomic point of view, the maternal lines of
“Jingzao39,” “Jingzao60,’and “Jingzao28” were all derived
from jujube group. Furthermore, “Jingzao39,” “Jingzao60,” and
“Jingzao28” all had the same haplotype-2, which was the largest
haplotype we identified. The “Dongzao” maternal line from sour-
jujube group, has haplotype-25, this being the largest sour-jujube
haplotype. Hybridization of sour-jujube and jujube is beneficial
to inheriting the complementary advantages the parents offer for
breeding commercial jujube.

CONCLUSION

In this paper, we reported on 65 chloroplast genomes of jujube,
including 26 chloroplast genomes sequenced in this study,
and compared with other reported materials. The 65 jujube
chloroplast genomes’ structure and gene content are similar,
and highly conserved. In addition, variability of chloroplast
genome (SNPs and InDels) was also analyzed. A haplotype
network diagram was constructed; and a phylogenetic analysis
was carried out.

Genetic relationships among jujube germplasms was revealed,
which provides a timely basis for the selection of excellent
cultivars. Three hybrid combinations were selected for reciprocal
crosses: “Dongzao” x “Jingzao39;, “Dongzao” x “Jingzao60,”
“Dongzao” x “Jingzao28.” The chloroplast genome results also

REFERENCES

Abbai, R., Singh, V. K., Nachimuthu, V. V., Sinha, P., Selvaraj, R., Vipparla,
A. K, et al. (2019). Haplotype analysis of key genes governing grain yield and
quality traits across 3K RG panel reveals scope for the development of tailor-
made rice with enhanced genetic gains. Plant Biotechnol. J. 17, 1612-1622.
doi: 10.1111/pbi.13087

Abdullah, Mehmood, F., Shahzadi, I, Ali, Z., Islam, M., Naeem, M., et al. (2021).
Correlations among oligonucleotide repeats, nucleotide substitutions, and
insertion-deletion mutations in chloroplast genomes of plant family Malvaceae.
J. Syst. Evol. 59, 388-402.

Abdullah, Mehmood, F., Shahzadi, I, Waseem, S., Mirza,
I, et al. (2020). Chloroplast genome of Hibiscus
(Malvaceae): comparative analyses and identification of mutational
hotspots.  Genomics 112,  581-591.  doi:  10.1016/j.ygeno.2019.
04.010

B., Ahmed,
rosa-sinensis

verified the rationality of hybrid combinations. Overall, this study
provides chloroplast genome sequences for further research on
the identification and phylogeny of Ziziphus jujuba, and should
help to enhance our overall understanding of the domestication
history of Z. jujuba varieties.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

GH conducted the experiments, analyzed the data, and prepared
the manuscript. YW analyzed the data. CG, DL, ND, BC,
YQ, YZ, and QP performed the collection and processing of
samples and analyzed the data. YZ and QP coordinated the
experiments. All authors have read and agreed to the final version
of the manuscript.

FUNDING

This work was financially supported by the Special Fund for
the Construction of Scientific and Technological Innovation
Capability (Grant Nos. KJCX20220101 and KJCX20210114),
the Key Research and Design Program of Hebei Province
(Grant No. 20326807D), and the Presidential Foundation of
Institute of Forestry and Pomology (Grant Nos. LGYJJ202000
and LGY]JJ202002).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
841767/full#supplementary- material

Ahmed, L, Lockhart, P. J., Agoo, E. M. G., Naing, K. W., Nguyen, D. V., Medhi,
D. K, et al. (2020). Evolutionary origins of taro (Colocasia esculenta) in
Southeast Asia. Ecol. Evol. 10, 13530-13543. doi: 10.1002/ece3.6958

Alexandros, S. (2014). RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Altschul, S. F., Madden, T. L., Schffer, A. A., Zhang, J., Zhang, Z., Webb, M., et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25:3389. doi: 10.1093/nar/25.17.3389

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S.,
et al. (2012). SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J. Comput. Biol. 19, 455-477. doi: 10.1089/cmb.2012.
0021

Bevan, M. W., Uauy, C., Wulff, B. B. H., Zhou, J., Krasileva, K., and Clark, M. D.
(2017). Genomic innovation for crop improvement. Nature 543, 346-354. doi:
10.1038/nature22011

Frontiers in Plant Science | www.frontiersin.org

March 2022 | Volume 13 | Article 841767


https://www.frontiersin.org/articles/10.3389/fpls.2022.841767/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.841767/full#supplementary-material
https://doi.org/10.1111/pbi.13087
https://doi.org/10.1016/j.ygeno.2019.04.010
https://doi.org/10.1016/j.ygeno.2019.04.010
https://doi.org/10.1002/ece3.6958
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1038/nature22011
https://doi.org/10.1038/nature22011
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hu et al.

Haplotype of Jujube Chloroplast Genomes

Birky, C. W. (2001). The inheritance of genes in mitochondria and chloroplasts:
laws. Mech. Models Annu. Rev. Genet. 35, 125-148. doi: 10.1146/annurev.genet.
35.102401.090231

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.
1093/bioinformatics/btul70

Chang, J. (2018). aStudies on Genetic Diversity of Ziziphus Acidojujuba Germplasm
Resources in Chaoyang Region of Western Liaoning. [master’s thesis]. Shenyang:
Shenyang Agricultural University.

Chen, J., Chen, L, Liu, Y., Li, X,, Yuan, Y., and Wang, Y. (2019). An index of
Chinese surname distribution and its implications for population dynamics.
Am. ]. Phys. Anthropol. 169, 608-618. doi: 10.1002/ajpa.23863

Choi, K. S., Chung, M. G., and Park, S. (2016). The complete chloroplast genome
sequences of three Veroniceae species (Plantaginaceae): comparative analysis
and highly divergent regions. Front. Plant Sci. 7:355. doi: 10.3389/fpls.2016.
00355

Claudia, G., Sara, P., Maria, L. A., and Eduardo, A. (2021). Genealogy: the tree
where history meets genetics. Genealogy 5:98.

Cruzan, M. B., and Hendrickson, E. C. (2020). Landscape genetics of plants:
challenges and opportunities. Plant Commun. 1:100100. doi: 10.1016/j.xplc.
2020.100100

Daniell, H., Lee, S. B., Grevich, J., Saski, C., Quesada-Vargas, T., Guda, C,, et al.
(2006). Complete chloroplast genome sequences of Solanum bulbocastanum,
Solanum  lycopersicum and comparative analyses with other Solanaceae
genomes. Theor. Appl. Genet. 112, 1503-1518. doi: 10.1007/s00122-006- 0254-x

Daniell, H,, Lin, C.-S., Yu, M., and Chang, W.-J. (2016). Chloroplast genomes:
diversity, evolution, and applications in genetic engineering. Genome Biol.
17:134. doi: 10.1186/513059-016-1004-2

Delplancke, M., Alvarez, N., Benoit, L., Espindola, A., Joly, H. I., Neuenschwander,
S., et al. (2013). Evolutionary history of almond tree domestication in the
Mediterranean basin. Mol. Ecol. 22, 1092-1104. doi: 10.1111/mec.12129

Dong, W., Xu, C., Wen, J., and Zhou, S. (2020). Evolutionary directions of single
nucleotide substitutions and structural mutations in the chloroplast genomes
of the family Calycanthaceae. BMC Evol. Biol. 20:96. doi: 10.1186/s12862-020-
01661-0

Dong, W. P., Xu, C,, Cheng, T., Lin, K., and Zhou, S. L. (2013). Sequencing
angiosperm plastid genomes made easy: a complete set of universal primers and
a case study on the phylogeny of saxifragales. Genome Biol. Evol. 5, 989-997.
doi: 10.1093/gbe/evt063

Greiner, S., Wang, X., Herrmann, R. G., Rauwolf, U., Mayer, K., Haberer, G., et al.
(2008). The complete nucleotide sequences of the 5 genetically distinct plastid
genomes of Oenothera, subsection Oenothera: 1I. A microevolutionary view
using bioinformatics and formal genetic data. Mol. Biol. Evol. 25, 2019-2030.
doi: 10.1093/molbev/msn149

Guo, S., Duan, J,, Tang, Y., Qian, Y., Zhao, J., Qian, D., et al. (2011).
Simultaneous qualitative and quantitative analysis of triterpenic acids, saponins
and flavonoids in the leaves of two Ziziphus species by HPLC-PDA-
MS/ELSD. J. Pharm. Biomed. Analysis 56, 264-270. doi: 10.1016/j.jpba.2011.
05.025

Hollingsworth, P. M., Graham, S. W., and Little, D. P. (2011). Choosing and using
a plant DNA barcode. PLoS One 6:¢19254. doi: 10.1371/journal.pone.0019254

Huang, D. I, and Cronk, Q. C. (2015). Plann: a command-line application for
annotating plastome sequences. Appl. Plant Sci. 3:1500026. doi: 10.3732/apps.
1500026

Huang, J., Zhang, C. M., Zhao, X., Fei, Z.]., Wan, K. K., Zhang, Z., et al. (2016). The
jujube genome provides insights into genome evolution and the domestication
of sweetness/acidity taste in fruit trees. PLoS Genet. 12:¢1006433. doi: 10.1371/
journal.pgen.1006433

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol. Evol.
30, 772-780. doi: 10.1093/molbev/mst010

Lee, C., Choi, L.-S., Cardoso, D., de Lima, H. C., de Queiroz, L. P., Wojciechowski,
M. F, et al. (2021). The chicken or the egg? Plastome evolution and an
independent loss of the inverted repeat in papilionoid legumes. Plant J. 107,
861-875. doi: 10.1111/tpj.15351

Leigh, J. W., and Bryant, D. (2015). Popart : full-feature software for haplotype
network construction. Methods Ecol. Evol. 6, 1110-1116. doi: 10.1111/2041-
210x.12410

Li, B., and Wei, T. (2013). Advances in jujube breeding technology. Ningxia Acad.
Agric. For. Sci. 54, 27-53.

Li, J., Wang, S., Yu, J., Wang, L., and Zhao, S. (2013). A modified CTAB protocol
for plant DNA extraction. Chinese Bull. Bot. 48, 72-78. doi: 10.3724/sp.j.1259.
2013.00072

Li, S., Guo, M., Fu, P, Liu, H,, and Zhao, X. (2018). Genetic diversity and
population structure of Chinese jujube (Ziziphus jujuba Mill.) and sour jujube
(Ziziphus acidojujuba Mill.) using inter-simple sequence repeat (ISSR) markers.
Mol. Plant Breed. 6:¢27088v1.

Li, X., Huang, J., Gao, W., Wang, C., and Zhao, S. (2013). Test Guideline for
Distinctness, Uniformity and Stability-Chinese jujube(Zizyphus jujuba Mill.).
LY/T 2190-2013. Xianyang: Northwest A & F University.

Li, X,, Li, Y., Zhang, Z., and Li, X. (2015). Influences of environmental factors
on leaf morphology of Chinese jujubes. PLoS One 10:€0127825. doi: 10.1371/
journal.pone.0127825

Liu, M., Wang, J., Wang, L., Liu, P., Zhao, J., Zhao, Z., et al. (2020). The historical
and current research progress on jujube-a superfruit for the future. Hortic. Res.
7:119. doi: 10.1038/s41438-020-00346-5

Liu, M., Zhao, J., Cai, Q,, Liu, G., Wang, J., Zhao, Z., et al. (2014). The complex
jujube genome provides insights into fruit tree biology. Nat. Commun. 5:5315.
doi: 10.1038/ncomms6315

Liu, P., Wang, J. R, Liu, M. J,, Zhao, Z. H.,, and Liu, Z. G. (2020). Advances
and achievements on Chinese jujube breeding in China. Acta Hortic. 1287,
219-229.

Murci, L. S. Q., Krausz, C., and McElreavey, K. (2001). The human Y chromosome:
function, evolution and disease. For. Sci. Int. 118, 169-181. doi: 10.1016/s0379-
0738(01)00387-5

Nock, C. J., Hardner, C. M., Montenegro, J. D., Termizi, A. A. A., Hayashi, S.,
Playford, J., et al. (2019). Wild origins of macadamia domestication identified
through intraspecific chloroplast genome sequencing. Front. Plant Sci. 10:334.
doi: 10.3389/fpls.2019.00334

Park, J., Xi, H., and Kim, Y. (2020). The complete chloroplast genome of
Arabidopsis thaliana isolated in Korea (Brassicaceae): an investigation
of intraspecific variations of the chloroplast genome of korean
A. thaliana. Int. ]. Genomics 2020:3236461. doi: 10.1155/2020/32
36461

Prabhudas, S. K., Prayaga, S., Madasamy, P., and Natarajan, P. (2016). Shallow
whole genome sequencing for the assembly of complete chloroplast genome
sequence of Arachis hypogaea L. Front. Plant Sci. 7:1106. doi: 10.3389/fpls.2016.
01106

Qinghua, P, YuPing, Z., Jin, B., Wanmei, J., and Shaoning, L. (2011). A new fresh
consuming jujube cultivar Jingzao60’. Acta Hortic. Sin. 38, 2227-2228.

Qu, Z., and Wang, Y. (2013). Chinese Fruit Trees Record-Chinese jujube. Beijing:
China Forestry Publishing House.

Rashwan, A. K., Karim, N., Shishir, M. R. I, Bao, T., Lu, Y., and Chen, W. (2020).
Jujube fruit: a potential nutritious fruit for the development of functional food
products. J. Funct. Foods 75:104205. doi: 10.1016/j.j{f.2020.104205

Raubeson, L., and Jansen, R. (2005). “Chloroplast genomes of plants,” in Plant
Diversity and Evolution: Genotypic and Phenotypic Variation in Higher Plants,
ed. R. J. Henry (Wallingford: CABI).

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S., Librado, P.,
Ramos-Onsins, S. E., et al. (2017). DnaSP 6: DNA sequence polymorphism
analysis of large data sets. Mol. Biol. Evol. 34, 3299-3302. doi: 10.1093/molbev/
msx248

Sabri, S. M., Takruri, H. R., and Al Ismail, K. M. (2021). Nutrient composition,
antioxidant activities and anti-inflammatory effect of Jujube fruit: a general
review. J. Pharm. Nutr. Sci. 11, 164-174.

Shan, S. H,, Xie, Y., Zhao, H. L, Niu, J. P., Zhang, S., Zhang, X. L., et al. (2019).
Bound polyphenol extracted from jujube pulp triggers mitochondria-mediated
apoptosis and cell cycle arrest of HepG2 cell in vitro and in vivo. J. Funct. Foods
53, 187-196.

Shen, H. (2016). Genetic Diversity of Chinese Jujube Based on Nuclear SSR
and Chloroplast SSR Markers. [master’s thesis]. Xianyang: Northwest A&F
University.

Shen, J., Sun, Z.,, Hou, S., Liu, R, Wang, Y., and Guo, P. (2020). Assessment
of genetic diversity in Ziziphus jujube Mill. Cultivars derived from northern
China using inter-simple sequence repeat markers. Crop Sci. 60, 320-329. doi:
10.1002/csc2.20080

Frontiers in Plant Science | www.frontiersin.org

March 2022 | Volume 13 | Article 841767


https://doi.org/10.1146/annurev.genet.35.102401.090231
https://doi.org/10.1146/annurev.genet.35.102401.090231
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1002/ajpa.23863
https://doi.org/10.3389/fpls.2016.00355
https://doi.org/10.3389/fpls.2016.00355
https://doi.org/10.1016/j.xplc.2020.100100
https://doi.org/10.1016/j.xplc.2020.100100
https://doi.org/10.1007/s00122-006-0254-x
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1111/mec.12129
https://doi.org/10.1186/s12862-020-01661-0
https://doi.org/10.1186/s12862-020-01661-0
https://doi.org/10.1093/gbe/evt063
https://doi.org/10.1093/molbev/msn149
https://doi.org/10.1016/j.jpba.2011.05.025
https://doi.org/10.1016/j.jpba.2011.05.025
https://doi.org/10.1371/journal.pone.0019254
https://doi.org/10.3732/apps.1500026
https://doi.org/10.3732/apps.1500026
https://doi.org/10.1371/journal.pgen.1006433
https://doi.org/10.1371/journal.pgen.1006433
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1111/tpj.15351
https://doi.org/10.1111/2041-210x.12410
https://doi.org/10.1111/2041-210x.12410
https://doi.org/10.3724/sp.j.1259.2013.00072
https://doi.org/10.3724/sp.j.1259.2013.00072
https://doi.org/10.1371/journal.pone.0127825
https://doi.org/10.1371/journal.pone.0127825
https://doi.org/10.1038/s41438-020-00346-5
https://doi.org/10.1038/ncomms6315
https://doi.org/10.1016/s0379-0738(01)00387-5
https://doi.org/10.1016/s0379-0738(01)00387-5
https://doi.org/10.3389/fpls.2019.00334
https://doi.org/10.1155/2020/3236461
https://doi.org/10.1155/2020/3236461
https://doi.org/10.3389/fpls.2016.01106
https://doi.org/10.3389/fpls.2016.01106
https://doi.org/10.1016/j.jff.2020.104205
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1002/csc2.20080
https://doi.org/10.1002/csc2.20080
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hu et al.

Haplotype of Jujube Chloroplast Genomes

Shi, W., Zhao, Y., Ma, L., and Hao, B. (2020). Effect of fruit cracking on good fruit
rate of Linyi winter jujube. J. Fruit Tree Resour. 1,19-22.

Sinha, P., Singh, V. K., Saxena, R. K., Khan, A. W., Abbai, R., Chitikineni, A.,
et al. (2020). Superior haplotypes for haplotype-based breeding for drought
tolerance in pigeonpea (Cajanus cajan L.). Plant Biotechnol. J. 18, 2482-2490.
doi: 10.1111/pbi.13422

Song, L., Cao, B., Zhang, Y., Meinhardt, W. L., and Zhang, D. (2021). Mining single
nucleotide polymorphism (SNP) markers for accurate genotype identification
and diversity analysis of chinese jujube (Ziziphus jujuba Mill.) Germplasm.
Agronomy 11, 2303-2303. doi: 10.3390/agronomy11112303

Sudhir, K., Glen, S., and Koichiro, T. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Teske, D., Peters, A., Moellers, A., and Fischer, M. (2020). Genomic profiling:
the strengths and limitations of chloroplast genome-based plant variety
authentication. J. Agric. Food Chem. 68, 14323-14333. doi: 10.1021/acs.jafc.
0c03001

Varshney, R. K., Bohra, A., Yu, J., Graner, A., Zhang, Q., and Sorrells, M. E. (2021).
Designing future crops: genomics-assisted breeding comes of age. Trends Plant
Sci. 26, 631-649. doi: 10.1016/j.tplants.2021.03.010

Wang, D., Xiong, R., Wu, C., and Gao, J. (2016). Jujube breeding research. J. Tarim
Univ. 28, 109-118.

Wang, J., Ge, W., and Ma, L. (2012). Analysis on restricting factors of date industry
development in North China. Anhui Agric. Sci. 40, 2411-2413. doi: 10.1002/
14651858.CD011160.pub2

Wang, L., Luo, Z., Liu, Z, Zhao, J., Deng, W., Wei, H, et al. (2019).
Genome size variation within species of chinese jujube (Ziziphus jujuba Mill.)
and its wild ancestor sour jujube (Z. acidojujuba Cheng et Liu). Forests
10:460.

Wu, Z., and Ge, S. (2012). The phylogeny of the BEP clade in grasses revisited:
evidence from the whole-genome sequences of chloroplasts. Mol. Phylogenet.
Evol. 62, 573-578. doi: 10.1016/j.ympev.2011.10.019

Yang, X. (2014). Development of Chloroplast SSR Markers and Studies on Genetic
Diversity of Ziziphus Jujube. [master’s thesis]. Xianyang: Northwest A&F

University.

Young, H. A, Lanzatella, C. L, Sarath, G., and Tobias, C. M.
(2011).  Chloroplast genome variation in upland and lowland
switchgrass.  PLoS ~ One  6:¢23980.  doi:  10.1371/journal.pone.00
23980

Zeng, Z., Tian, ], Jiang, C., Ye, W, Liu, K, and Li, Y. (2019).

Inferring the history of surname Ye based on Y chromosome high-
resolution  genotyping sequencing data. J. Hum. Genet. 64,
703-709.

Zhang, C., Yin, X,, Li, X,, Huang, J., Wang, C.,, and Lian, C. (2013). Genetic
diveersity of sour jujube along the Yellow Rive. J. Northwest A F Univ. 41,
107-119.

and

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hu, Wu, Guo, Lu, Dong, Chen, Qiao, Zhang and Pan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

12

March 2022 | Volume 13 | Article 841767


https://doi.org/10.1111/pbi.13422
https://doi.org/10.3390/agronomy11112303
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1021/acs.jafc.0c03001
https://doi.org/10.1021/acs.jafc.0c03001
https://doi.org/10.1016/j.tplants.2021.03.010
https://doi.org/10.1002/14651858.CD011160.pub2
https://doi.org/10.1002/14651858.CD011160.pub2
https://doi.org/10.1016/j.ympev.2011.10.019
https://doi.org/10.1371/journal.pone.0023980
https://doi.org/10.1371/journal.pone.0023980
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Haplotype Analysis of Chloroplast Genomes for Jujube Breeding
	Introduction
	Materials and Methods
	Plant Material Collection and DNA Extraction
	DNA Fragmentation, Library Preparation, and High-Throughput Sequencing
	Data Assembly
	Chloroplast Genome Annotation
	Analysis of Variation Within Species
	Phylogenetic Analysis
	Haplotype Network Construction
	Phenotyping

	Results
	Chloroplast Genome Size
	Chloroplast Genome Variability Analysis
	Number and Pattern of Single Base Substitution Mutations
	Number and Pattern of InDel Mutations

	Phylogenetic and Haplotype Network Construction

	Discussion
	Chloroplast Genome Variability
	Evolutionary Relationship Between Jujube and Sour-Jujube
	Hybrid Breeding Strategy and Parents Selection Suggestion

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


