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Editorial

Genetics and Molecular Breeding of Fruit Tree Species

Stefano La Malfa * and Stefania Bennici *

Department of Agriculture, Food and Environment, University of Catania, Via Santa Sofia 100,
95123 Catania, Italy
* Correspondence: stefano.lamalfa@unict.it (S.L.M.); stefania.bennici@unict.it (S.B.)

Fruit tree species contribute to human nutrition and health security by providing
important beneficial compounds (e.g., micronutrients, antioxidants) and by playing a
key role in the economies of many countries [1]. Global demand for varieties of fruit
tree varieties with improved traits—such as enhanced fruit quality, higher yield, and
increased resistance to biotic and abiotic stress—is steadily rising. In addition, climate
change presents new challenges for perennial crops in many regions, necessitating the
development of new varieties capable of adapting to changing environmental conditions,
producing high-quality products under stress, and reducing environmental impact [2].

In this context, a thorough understanding of the genetic basis of agronomic traits
is essential for both unraveling their regulatory mechanisms and supporting efficient
breeding strategies.

However, genetic improvement in fruit trees through conventional methods—such
as sexual hybridization and selection—is significantly constrained by the complex genetic
and reproductive biology of woody plants. These challenges include a long juvenile period,
large plant size, high levels of heterozygosity, and the presence of reproductive barriers
(e.g., male or female sterility, incompatibility).

Recent advances in biotechnology and the emergence of genomics offer new op-
portunities for genetic studies and molecular breeding in fruit crops, helping to over-
come the limitations of conventional strategies and enabling the exploitation of novel
genetic resources.

The advent of high-throughput methods—such as next-generation sequencing (NGS)
and genotyping-by-sequencing (GBS)—alongside genome-wide association studies, ad-
vanced phenotyping approaches, and integrated omics technologies (e.g., transcriptomics,
proteomics, metabolomics, and hormonomics), has significantly enhanced our understand-
ing of the genetic basis of agronomically important traits [3].

The use of these technologies facilitates the characterization of genetic variability
within germplasm collections—an important source of traits for breeding—and contributes
to the development of molecular markers. These markers can be used for fingerprinting
(e.g., varietal identification, plant-derived products traceability) or for marker-assisted
selection (MAS), which enables the early identification of new genotypes with superior
traits in conventional breeding programs, thereby reducing time, space, and costs [4].
Additionally, these approaches support more efficient conservation of genetic resources,
particularly in neglected species.

Last but not least, genes associated with desirable traits can be introduced or modified
in elite cultivars using new plant breeding techniques (e.g., cisgenesis and genome editing),
which allow point-specific mutations without introducing foreign genes, thereby preserving
the genetic background [5,6]. However, the successful application of these technologies
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depends on the availability of efficient regeneration protocols, which remain a major
bottleneck, as many cultivars within a species may be recalcitrant to regeneration [7].

This editorial provides an overview of the Special Issue “Genetics and Molecular
Breeding of Fruit Tree Species”, which aims to highlight recent advances in the genetic and
molecular breeding of fruit tree species for the selection or development of new genotypes
with superior characteristics.

This Issue features nine original papers contributed by groups working on various
tree species.

Vodiasova et al. (Contribution 1) analyzed the genetic diversity and population
structure of 161 peach cultivars from a Russian collection using the GBS approach. They
identified a total of 7803 single-nucleotide polymorphism (SNP) markers, which can be
used to explore associations with agronomic traits.

Song et al. (Contribution 2) performed an in-depth comparative analysis of chloroplast
genome structures across 21 Vitis cultivars, revealing valuable genomic resources that can
support cultivar selection, breeding, and conservation efforts.

Jia et al. (Contribution 3) reported a novel and efficient pipeline for the development
of multi-allelic insertion/deletion markers (InDels). Using NGS-based fingerprints, they
successfully discriminated among 122 grape varieties.

Saensouk et al. (Contribution 4) carried out a cytological study on four edible and
ornamental Zingiber species, generating insights that can inform plant breeding strategies
for commercial purposes.

Simoni et al. (Contribution 5) provided a comprehensive characterization of trans-
posable elements (TEs) in Punica granatum through a comparative analysis of the genome
assemblies of four Tunisian pomegranate cultivars, providing information that can be
leveraged for breeding and crop improvement in this species.

Wang et al. (Contribution 6) developed an effective plant regeneration protocol by
inducing high-vigor somatic embryos from stem explants of pomegranate, leading to an
essential advancement for genetic resource conservation and breeding efforts.

Gao et al. (Contribution 7) conducted a large-scale investigation on the callus induction
and adventitious root development across peach germplasms. They identified a candidate
gene potentially involved in the regulation of root formation and pinpointed cultivars more
prone to regeneration protocols.

Guo et al. (Contribution 8) performed whole-genome resequencing of jujube cultivars
to identify genome-wide SNP markers and constructed a high-density bin map, providing
valuable tools for the selection of multiple traits in jujube breeding.

Odoi et al. (Contribution 9) carried out association mapping on a panel of 374 Shea
tree (Vitellaria paradoxa) accessions using 7530 SNPs markers, offering a foundation for
molecular breeding strategies aimed at improving oil yield in the species.
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Genome-Wide Association Mapping of Oil Content and
Seed-Related Traits in Shea Tree (Vitellaria paradoxa subsp.
nilotica) Populations
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* Correspondence: juventineboaz@gmail.com; Tel.: +256-782-568-822

Abstract: Shea tree (Vitellaria paradoxa) is an important fruit tree crop because of its oil used for
cooking and the industrial manufacture of cosmetics. Despite its essential benefits, quantitative
trait loci linked to the economic traits have not yet been studied. In this study, we performed
association mapping on a panel of 374 shea tree accessions using 7530 Single-Nucleotide Polymor-
phisms (SNPs) markers for oil yield and seed-related traits. Twenty-three SNP markers significantly
(−log10 (p) = 4.87) associated with kernel oil content, kernel length, width, and weight were iden-
tified. The kernel oil content and kernel width had the most significant marker–trait associations
(MTAs) on chromosomes 1 and 8, respectively. Sixteen candidate genes identified were linked to early
induction of flower buds and somatic embryos, seed growth and development, substrate binding,
transport, lipid biosynthesis, metabolic processes during seed germination, and disease resistance
and abiotic stress adaptation. The presence of these genes suggests their role in promoting bioactive
functions that condition high oil synthesis in shea seeds. This study provides insights into the
important marker-linked seed traits and the genes controlling them, useful for molecular breeding
for improving oil yield in the species.

Keywords: linked; marker association; annotation; genes; SNPs; shea

1. Introduction

The shea tree (Vitellaria paradoxa C. F. Gaertn.) is an important economic tree crop
known for its oil used to produce valuable products in the food and cosmetic industries [1].
The tree is endemic to Sudano-Sahelian Africa, covering 21 countries [2], where it adds
to the sustainability of sociocultural and economic wellbeing of the communities. The
shea tree: Vitellaria paradoxa C. F. Gaertn., has two described subspecies: V. paradoxa subsp.
paradoxa and V. paradoxa subsp. nilotica. The two subspecies vary for their morphological
characteristics [3]. The subspecies nilotica has larger flowers and a dense “woolly” appear-
ance that remains on young leaves and persists on leaf veins and midribs. It is characterized

Horticulturae 2023, 9, 811. https://doi.org/10.3390/horticulturae9070811 https://www.mdpi.com/journal/horticulturae4
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by dense ferruginous indumentum on pedicels and outer sepals, with the constituent hairs
being longer, spreading and imparting a woolly appearance to the parts during the bud
stage. The hermaphroditic and actinomorphic flowers are always in dense clusters on the
twigs that have not formed leaves [4]. In the subspecies paradoxa, the flowers have longer
styles measuring 12–15 cm [5].

The tree is a diploid (2n = 24), highly outcrossing that has undergone domestication
in the savannah parklands of Africa for over 1000 years [6]. A molecular marker study by
Allal et al. [7] placed the centre of origin of V. paradoxa in West Africa, where three genetic
groups corresponding to West, Central, and East African types were found. The shea
genome size is up to 658.7 Mbp, consisting of 38,505 coding genes [8]. There is an observable
variation in stand densities within the shea parklands, due to the differences in land use,
localities, soils, rainfall, temperature, daylight length, and ecological conditions [9], forming
seven different morphological and structural forms [10].

The shea tree is recognized as the second-highest oil-producing plant, after the oil
palm [8]. The global market for shea products was reported to be USD 30 billion in
2020 [11]. This high demand is owed to its use in the confectionary and cosmetic industries.
The demand for these natural and organic cosmetics in the European market reached
EUR 3.90 billion in 2019 [12]. The cosmetic sector alone exceeded USD 530 in 2020 and
is expected to rise to USD 1025 million in 2027. Among this, the US market alone is
projected to rise from USD 240 million in 2020 to USD 390 in 2027 and expected to grow
at a compound annual growth rate (CAGR) of 7%, due to the increasing demand in the
cosmetics industry [13]. The total export of oils from different plants to Europe in 2020 was
estimated at 300,000 tonnes, with the Netherlands and France being the leading importers.
However, both processed and unprocessed products are sold in national and international
markets, contributing to national income through foreign exchange in the shea-producing
countries. The leading producers of shea in Africa are Nigeria (361,017 tons/year), Mali
(49,640 tons/year), Burkina Faso (45,183 tons/year), and Ghana (33,878 tons/year) [11].
There is a huge and untenable supply deficit due to heightened international demand,
necessitating breeding interventions to boost production across its range.

The first recognizable shea tree improvement efforts were through a participatory
selection trial of plus trees from three countries in West Africa [14]. A larger collection
(from Burkina Faso, Benin, Nigeria, Ghana, Cameroun, Niger, and Mali) of carefully
selected plus shea trees raised from clonal materials was also established in Mali by the
World Agroforestry (CIFOR-ICRAF) [14]. Over time, there has been increasing interest in
improving shea tree productivity to meet the looming domestic and international demand
for shea products [15]. Some concerted efforts have been made in shea tree breeding at
the University of Peleforo Gon Coulibaly (UPGC) in Korhogo, Côte d’Ivoire, where some
elite trees were selected and propagated [16] by grafting to reduce the juvenile maturity
period [17]. Other innovative approaches have been used in participatory plant breeding
(PPB), using local knowledge to identify and select preferred traits by the communities.
Such traditional and contemporary breeding and selection processes are important for tree
species like shea trees, to generate new varieties with various desired properties [18].

Recent advances in shea tree genomic studies by Hale et al. [8] and Wei et al. [1]
have provided insights on the new opportunities in genome-assisted breeding. Despite
these advancements, the genomic resources remain underused for boosting production
and improving oil yield and quality. Genome-wide association studies (GWAS) provide
opportunities to identify genomic regions of an organism that are putatively associated
with the traits of interest to plant breeders [8]. With the availability of affordable and
economic modifications of genome sequencing approaches like genotyping by sequencing
(GBS), discovering and using SNP markers has become a preferred way of genotyping.
One of these technologies is the Diversity Arrays Technology Sequencing (DArTseq), where
a genome is partially sequenced using a specific combination of restriction enzymes and
the restriction tags are used for assembling and discovering the SNP markers [19]. The
discovered SNPs are generally spread all over the genome and can be used in GWAS for
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the study of a wide range of tree crop traits of economic importance [20]. This study was
carried out to identify genomic loci associated with seed oil content, seed weight, seed
length and width of the shea tree in Uganda. Determining the marker trait association shall
enhance shea tree breeding by reducing on the time required to complete the breeding cycle.

2. Materials and Methods

2.1. Plant Materials and Leaf Sampling for DNA Extraction

A total of 374 shea genotypes from the germplasm collection (Breeding Seedling
Orchard) Uganda were used in this study. A total of 3600 shea fruits/seeds were collected
from 180 families (Supplementary Table S1) in the districts of Amuru, Arua, Katakwi,
Moyo and Otuke. The seeds were then divided into two portions: for sowing and for oil
extraction. A minimum of 10 seeds were randomly picked from each family for sowing
to generate seedlings used in DNA extraction. Fifteen seeds from the remaining lot were
processed and used for oil extraction.

The shea seeds were sown in a tree nursery at Ngetta Zonal Agricultural Research De-
velopment Institute (NgeZARDI), Lira—Uganda in the month of June 2018. The seedlings
were managed in the tree nursery for 12 months until they developed between 4–6 leaves
before sampling the leaf tissues for DNA extraction. Leaf samples of 374 seedlings were
randomly picked for DNA extraction and analysis at Biosciences Eastern and Central
Africa- International Livestock Research Institute (BeCA-ILRI). Only healthy and recently
flushed leaves from the previous season were sampled and placed in DNA extraction kit
and dried using Silica gel before shipping to BeCA-ILRI.

After leaf tissue sampling, the genotypes were further managed in the nursery for
another 6 months to allow them to heal and later planted in a multi-locational trial (breeding
seed orchard) located in Lira (NgettaZARDI) and Serere (National Semi Arid Resources
Research Institute (NASARRI), using Random Complete Block Design (RCBD) in the month
of October 2019. The trials were maintained as germplasm collection for future breeding
programme in Uganda.

2.1.1. Shea Oil Extraction Procedure

Oil content was determined using Soxhlet extraction [21], the American Official Agri-
cultural Chemists’ method for determination of oil content in plant materials in the months
of September and October 2020. Oil was extracted with continuous reflux of petroleum
ether over crushed dried Shea nut powder in a Soxhlet extractor. The oil contents of each
seed lot were extracted in triplicates and presented in percentage of its dry matter content.

2.1.2. DNA Extraction and SNP Discovery by DArTseq™ Technology

Total genomic DNA from silica dried leaf samples were extracted at BeCA-ILRI
following the CetylTrimethylAmmonium Bromide (CTAB)/chloroform/isoamyl alcohol
method [22]. DNA samples were processed in digestion/ligation reactions as described
by Hale et al. [8]. The DNA was quality checked using standard processes involving 0.8%
agarose gel electrophoresis, optical measurements for 260 and 280 nm using a NanoDrop
2000 spectrophotometer (ND-2000 V3.5, NanoDrop Technologies, Inc., Wilmington, DE,
USA) and quantification using a Qubit™ 3.0 Fluorometer (Thermo Fisher Scientific, Grand
Island, NY, USA). The libraries were prepared for 752 individuals using the PstI-SphI com-
plexity reduction method [23] and partial-genome sequenced using proprietary DArTseq
(1.0) methodology [19] on a HiSeq2500 Sequencer (Illumina Inc., San Diego, CA, USA) with
72 bases read length [24,25].

Sequences generated from each lane were processed using proprietary DArT ana-
lytical pipelines. DArT-Seq™ technology relies on a complexity reduction method using
restriction enzymes that are sensitive to DNA methylated sites and repetitive DNA [24].
In the primary pipeline, the FASTQ files were first processed to filter poor-quality se-
quences, applying more selection criteria to the barcode region compared to the rest of
the sequence. Approximately 2,500,000 (±7%) sequences per barcode/sample were used
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in marker calling. Finally, identical sequences were collapsed into “fastqcall files.” These
files were used in the secondary pipeline for DArT P/L’s proprietary SNP and SilicoDArT
(Presence/Absence Markers in genomic representations) (present = 1 vs. absent = 0) calling
algorithms (DArTsoft14). The analytical pipeline processed the sequence data. The reads
were then aligned to the shea_V1 reference genome publicly available from the ORCAE
database (https://bioinformatics.psb.ugent.be/orcae) (accessed on 30 December 2021),
using BWA-MEM/VarDict mapper for mapping of reads against the reference genome [8].

2.2. Data Analysis
2.2.1. Seed Trait Data Analysis

The seed trait data were analysed using “agricolae” package in R software v 4.0 [26].
Analysis of variance (ANOVA) was performed to determine the variations within and among
the genotypes. The “corr” function in R software v.4.0 (R Core Team, 2022) was used to
calculate correlation coefficients between the studied traits and presented in graphical form.

2.2.2. Genome-Wide Association Analysis and Gene Annotation Identification

A multi-locus random-SNP-effect mixed linear model (mrMLM) [26] was implemented
in R statistical software using the mixed model equation for GWAS presented in Equation
(1), in accordance to Yu et al. [27], using additive, general; dominant alternative and
dominant reference gene action models for trait association study [28]. This current study
selected mrMLM method to avoid bottlenecks in stringent correction using other control
measures (false discovery rate (FDR) and Bonferroni correction) against false positive
rate [29]. The mrMLM uses a less stringent significance threshold considering a critical
probability value or log of odds (LOD) making it possible to identify any possible loci
of importance.

Y = Xb + Zu + e (1)

where:

Y = the vector of the phenotypic observations estimated for the traits studied;
X = the SNP markers (fixed effect) matrix;
Z = the random kinship (co-ancestry) matrix;
b = a vector representing the estimated SNP effects;
u = a vector representing random additive genetic effects, and
e = the vector for random residual errors.

The phenotypic variation explained by the model for a trait and a particular SNP
was determined using stepwise regression implemented in the “lme4” R package. The
SNP loci in significant association with traits were determined by adjusted p-value using
Bonferroni correction [30]. Quantile–quantile (QQ) plots were generated by plotting the
negative logarithms (−log10) of the p-values against their expected p-values to test the
appropriateness of the GWAS model with the null hypothesis of no association and to
determine how well the models accounted for the population structure.

To account for the putative genes linked to traits, a window range of 5 kb (upstream and
downstream) was defined [31]; and genes were searched from the V. paradoxa Whole Genome
v2.0 Assembly and Annotation v2.1 [32] in the ORCAE database (https://bioinformatics.psb.
ugent.be/orcae, accessed on the 30 November 2022) [3], with a search for candidate genes
associated with oil yield traits. The gene name, description, and AGPv4 coordinates with
their protein, were then retrieved from the Vitellaria paradoxa reference genome database.
The putative functional candidate genes linked to the associated SNPs were then annotated
in line with any initially annotated genes from other species.

A Linkage disequilibrium (LD) heat map was generated for the entire genome, with
heterozygous calls ignored and a default sliding window of 50 used in tassel software.
LD decay rate was then evaluated on a chromosome-by-chromosome basis. A measure
of LD (r2) and pairwise distance between SNPs were generated in TASSEL and exported
to R version 4.3, where scripts were written to generate LD decay plots for significant
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LD pairs. Mean LD per chromosome was calculated after every 20 kb interval, and the
average genome-wide decay rate estimated by averaging LD in each interval across all
chromosomes. A line graph was used to clearly display an overlay of chromosome-specific
and the mean genome-wide LD decay rates.

3. Results

3.1. Phenotypic Variation for the Shea Tree Traits

The traits mean values, standard deviations and the phenotypic data range of a
collection of 374 open pollinated seeds from 180 shea trees from Uganda’s parklands are
presented in Table 1.

Table 1. Summary statistics for the studied traits.

Traits Mean ± (SD a) Minimum Maximum

Kernel dry matter oil content (% b) 53.53 ± 2.28 39.05 69.77
Kernel length (cm c) 3.19 ± 0.34 1.90 8.43
Kernel width (cm) 3.61 ± 0.43 2.23 4.97
Kernel weight (mg d) 10.30 ± 0.30 2.00 18.8

a Standard Deviation; b Percentage; c Centimetre; d Milligram.

The mean seed oil content of 180 shea genotypes was 53.53% with a range of
39.05–69.77%. A relatively heavy kernels (18.81) and very low weight genotypes were also
observed (Table 1).

Analysis of variance showed that genotype, environment, and their interaction
(genotype-environment) were highly significant for kernel oil content (Table 2). Varia-
tion in kernel weight and its axial dimensions were significantly influenced by genotype
and the environment. However, the interaction of genotype and environment had no
significant effect on kernel weight and its axial dimension (Table 2).

Table 2. Summary analysis of variance for the studied traits.

Source of Variation Df a KOC b KL c KW d KWt e

Replications 2 4.81 0.01307 0.0249 0.08108
Environment 4 1840.82 *** 0.694 *** 0.82403 *** 0.90574 ***
Genotypes 373 60.42 *** 1.45026 *** 2.54701 *** 0.9112 ***
Genotype x Environment 1492 35.9 ** 0.01524 20.69 0.01666
Residuals 3738 8.61 0.0159 0.01553 0.02156

a Degrees of freedom; b Kernel dry matter oil content (%); c kernel length (cm); d kernel width (cm); e Kernel
weight (mg) and levels of significance ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.

Seed oil content showed a significant positive correlation with kernel width (r = 0.1,
p ≤ 0.001). However, it negatively correlated with kernel weight (−0.01) and kernel length
(−0.09) (Figure 1). The result further revealed a moderate (0.44) correlations between kernel
width and kernel weight, and kernel width and kernel oil content (0.1), whereas oil content
is negatively correlated with kernel weight (−0.1) and kernel length (−0.9) (Figure 1).
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Figure 1. Correlation among four traits (Length = Kernel length, Width = Kernel width and
Weight = Kernel Weight and Oil = Kernel oil content) of the 374 Shea tree lines. Colour in the
boxes indicate proportion of correlations. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Marker Coverage and SNP Distribution

The SNP calling pipeline generated 30,733 highly polymorphic SNP markers, of which
27,063 (88.1%) remained unmapped on the 12 Vitellaria paradoxa chromosomes. Only
7530 SNP markers (27.8%) of the mapped SNP markers were retained after filtering with
>20% of missing data, <0.05 minor allele frequency (MAF) and utilized as input for the
GWAS analysis.

Chromosome two had the highest number of markers (960 SNPs; Chr size = 74.5 Mb,
~13 SNPs/Mb) followed by chromosomes one (805 SNPs; Chr size = 82 Mb; ~10 SNPs/Mb),
chromosome ten (780 SNPs; Chr size = 50 Mb; 10 SNPs/Mb), five and eight (650 SNPs; Chr
size = 56.5 Mb; ~11 SNPs/Mb, and 645 SNPs; Chr size = 58 Mb; ~12 SNPs/Mb respectively).
Meanwhile, chromosomes four (425 Chr size = 37 Mb; ~ 12 SNPs/Mb) and chromosome
three (430 SNPs; Chr size = 38.6 Mb; 11 SNPs/Mb) had the lowest number of markers
(Figure 2 and Table 3). This indicates a non-random distribution of SNPs with varying SNP
frequencies on the 12 chromosomes of shea tree genome in Uganda. Further population
structure and SNP data (Table 3) information are available in Odoi et al. [33].

Minor allele frequency (MAF) among the 7530 SNP markers varied from 0.03 to 0.50.
The study further revealed a high level of heterozygosity within individuals (0.26) and
markers (0.32) indicating a high non-random association of alleles at different loci that offer
opportunity for association studies and allele transfer through marker-assisted selection
of the population. The filtered markers were similar in their Polymorphic Information
Content (PIC), ranging from 0.258 (chromosome 4) to 0.269 (chromosome 12) with a mean
PIC of 0.26 across the chromosomes (Table 3).

There was a general high gene diversity (0.32) across the chromosomes with chromosome
12 being the highest (0.33) and chromosomes 4, 1 and 6 being the lowest (0.31 respectively).
Structure analysis revealed that shea tree populations in Uganda are genetically grouped
into two clusters of Eastern group and West Nile/Northern Uganda group. The Eastern
cluster contributed the highest (57%) proportion of individuals and West Nile/Northern
Uganda cluster (43%).

9



Horticulturae 2023, 9, 811

Out of the 12 chromosomes in the shea genome (Figure 2), only two (Chromosome 1
and 8) revealed significant loci. The result of Linkage disequilibrium (LD) indicated that
187,487 loci pairs in a physical distance of 605,450 bp. Of the total loci, 3.62% (6795) of them
were in significant (p < 0.01) LD. The results further revealed that 87 (1.28%) loci pairs had
r2 = 1 (were in complete LD).

Figure 2. The number and size of SNPs within 1 Mb window size of V. paradoxa Subsp. nilotica genome.

Table 3. Number of SNPs for each chromosome before and after filtration and the average polymor-
phism information content for V. paradoxa subsp. nilotica.

Chromosomes All SNPs a Filtered SNPs Chr b Size (Mbs) PIC c Gene Div d

1 2893 805 82 0.262 0.32
2 3450 960 74.5 0.260 0.32
3 1545 430 38.6 0.261 0.32
4 1527 425 37 0.258 0.31
5 2336 650 56.5 0.261 0.32
6 2210 615 58 0.259 0.31
7 2088 581 57.3 0.262 0.32
8 2318 645 48 0.260 0.32
9 2124 591 56.5 0.262 0.32

10 2803 780 50 0.265 0.32
11 1791 498 47.1 0.265 0.32
12 1978 550 46.9 0.269 0.33

Total/Mean 27,063 7530 652.4 0.260 0.32
a Single Nucluotide Polymorphism; b Chromosome; c Polymorphic information content and d gene diversity.

3.3. Marker Association for the Studied Traits

The association analysis was performed on shea seed-related traits and 16 significant
markers were identified on chromosomes 1, 2, 3, 5, 6, 7, 8, 9, 10, 11 and 12 (Table 4
and Figure 3). Quantile-Quantile plots produced by displaying −log10 p-values against
individual p-values revealed suitability of GWAS for the trait’s connection in the shea tree
genotypes. The association analysis was performed for percent oil content of each shea
tree line in a location using the V. paradoxa reference genome (https://bioinformatics.psb.
ugent.be/orcae) (accessed on 8 March 2022). There were differences between the observed
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and expected values of the target traits, indicating a link between the phenotypic and SNP
markers as indicated in Quantile-Quantile plots.

The seven SNP markers linked to shea nut oil yield (S1_60237300, S3_14843482,
S4_32032310, S5_6275145, S8_41696703, S9_32689981 and S11_43126044) were located on
chromosomes 1, 3, 4, 5, 8, 9 and 11 (Table 4) and were associated with high nut percent oil
content estimated on dry matter basis. These seven loci explained an overall phenotypic
variance of 12.4%, however, makers S8_41696703 and S9_32689981 had negative effects on
seed oil content, although they explained the most (13.31% and 11.52% respectively) of
phenotypic variation.

This current study revealed six significant SNP markers linked with shea kernel length
(S3_11153087, S5_15524578, S6_46530240, S8_11121701, S11_8320549 and S12_32853547) lo-
cated on chromosomes 3, 5, 6, 8, 11 and 12 (Table 4; Figure 3). The proportion of phenotypic
variance explained by significant QTNs ranged from 6.5% in marker S5_15524578 to 14.6%
in S6_46530240. The total phenotypic variance expressed by the trait was 0.095.

The GWAS revealed 8 genomic regions that were significant associated with ker-
nel width. The 8 significant SNP markers linked to shea kernel width (S1_32402910,
S2_47786838, S2_64059706, S7_3025298, S9_43700743, S10_50604452, S12_32853547 and
S12_7613999) were located on chromosomes 1, 2, 7, 9, 10 and 12 (Table 4). Marker
S12_32853547 contributed most (13.14%) of the phenotypic variation compared to the
rest (ranging from 4.5%to 9.75%) (Table 4). The total phenotypic variation explained by the
trait was 0.17.

In two significant SNPs (S1_30720144 and S8_43605016) located on chromosomes 1 and
8. Marker S8_43605016 contributed most (15.79%) of the phenotypic variation compared to
S1_30720144 (9.21%) (Table 4). The total phenotypic variance in this trait was 0.061 Table 4:
Figure 3).

Table 4. List of significant markers in a panel of 374 Vitellaria paradoxa genotypes indicating the
genomic regions associated with studied traits.

Trait Pσ a Marker Chr b Position (bp) Alleles QTN Effect LOD Score −log10 c r2 d MAF e

Oil
content

S1_60237300 1 60237300 AA 0.83 3.39 4.11 6.61 0.12
S3_14843482 3 14843482 AA −1.06 5.67 6.49 11.80 0.14
S4_32032310 4 32032310 AA 0.74 3.07 3.77 6.76 0.19

4.03 S5_6275145 5 6275145 AA 0.68 3.21 3.92 5.11 0.15
S8_41696703 8 41696703 TT −1.06 5.93 6.76 13.31 0.17
S9_32689981 9 32689981 CC −1.22 5.38 6.19 11.52 0.09
S11_43126044 11 43126044 CC 0.81 4.28 5.05 8.18 0.31

kernel
length

S3_11153087 3 11153087 TT −0.13 3.44 4.16 8.19 0.12
S5_15524578 5 15524578 AA 0.10 3.37 4.09 6.51 0.32
S6_46530240 6 46530240 TT −0.25 4.71 5.49 14.55 0.05

0.095 S8_11121701 8 11121701 GG −0.14 3.16 3.87 9.08 0.10
S11_8320549 11 8320549 CC −0.13 3.74 4.48 7.28 0.10
S12_32853547 12 32853547 CC −0.18 3.96 4.71 9.31 0.06

kernel
width

S1_32402910 1 32402910 CC −0.19 4.42 5.20 9.75 0.12
0.169 S2_47786838 2 47786838 CC 0.16 4.99 5.79 9.01 0.26

S2_64059706 2 64059706 AA 0.17 4.73 5.52 8.28 0.13
S7_3025298 7 3025298 CC 0.15 3.22 3.92 5.29 0.10
S9_43700743 9 43700743 AA −0.18 3.30 4.01 7.77 0.11
S10_50604452 10 50604452 GG 0.19 3.81 4.55 8.69 0.10
S12_32853547 12 32853547 CC 0.29 7.02 7.89 13.14 0.06
S12_7613999 12 7613999 TT 0.12 3.44 4.17 4.47 0.20

kernel
weight

S1_30720144 1 30720144 CC −0.08 3.06 3.76 9.20 0.22
0.061 S8_43605016 8 43605016 CC −0.11 3.29 4.00 15.70 0.18

a Phenotypic variance b Chromosome, c the negative logarithms (−log10) of the p-values d squared correlation
coefficient e minimum allele frequency.
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Figure 3. Genome-wide association of Kernel dry matter oil content in a panel of 374 Vitellaria
paradoxa genotypes with 7530 SNP markers for kernel length (A); kernel width (B); kernel weight
(C), and kernel dry matter oil content (D). The y-axis representing the p-value of the marker-trait
association on a −log10 scale and the x-axis relates to the 12 shea tree chromosomes. The dots above
the horizontal 5% Bonferroni threshold light dotted line indicates SNPs associated with QTL that
condition the kernel traits.

Variations in the seed traits explained by the individual SNP markers (r2) varied from
4.47% in kernel width to 15.79% in kernel weight for the significant SNPs, indicating that
they represent major QTLs associated with oil yield and kernel physical parameters Alleles
‘A’ of marker S1_60237300; ‘T’ of marker S11_43126044; ‘A’ of markers S4_32032310 and
S5_6275145 in oil yield, had the highest positive QTN effect (0.8255, 0.8098, 0.737 and 0.683
respectively) revealing higher association with increasing oil yield. Although most of the
seed related traits indicated negative QTN effects, the allele which had the highest (0.2942)
positive QTN effect was allele ‘C’ in marker S12_32853547.
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3.4. Potential Candidate Genes

A total of 23 candidate genes were identified by linking the significant SNP regions
with the V. paradoxa genome (Table 5). The annotation result revealed six putative genes
associated with seed length traits. Among these were: Protein metabolism and gluconeoge-
nesis on chromosome 12 and Protein translocation on chromosome 11. The proteins are
well known to play important role in mediating plant seed oil biosynthesis [34] and early
seedling morphogenesis and development.

From the kernel width, eight putative genes were discovered, of which three (Zinc Fin-
ger Transcription Factor located in chromosome 3, protein binding located on chromosome
9 and Protein metabolism and gluconeogenesis located on chromosome 12) had linkage
with shea seed oil biosynthesis pathways. Zinc Finger has been associated with playing
a key role in plant seed oil biosynthesis and accumulation [35]. All the two identified
genes (ATP hydrolase located on chromosome 1 and Protein Kinase on chromosome 8) in
kernel weight trait are important in the biochemical pathways of plant seed oil synthesis
(Table 5). The hydrolysis process is performed by the FATB acyl-ACP thioesterase or by
3-ketoacyl-ACP synthase II (KASII).

Table 5. Gene annotation for the significant SNPs for shea seed related traits.

Traits Marker Chr a Pos b Gene ID GO. c Function

Kernel length

S3_11153087 3 11153087 Vitpa03g07900 IPR006968 UVB-sensing and in early seedling
morphogenesis and development

S5_15524578 5 15524578 Vitpa05g09840 GO:0005515 ion transportation and signal
transduction

S6_46530240 6 46530240 Vitpa06g28930 PTHR23155 Disease resistance (R)

S8_11121701 8 11121701 Vitpa08g10570 GO:0004017 Predicts residues in protein
biosythesis

S11_8320549 11 8320549 Vitpa11g07160 PTHR33052 Protein translocation

S12_32853547 12 32853547 Vitpa12g19540 GO:0003824 Protein metabolism and
gluconeogenesis

Kernel width

S1_32402910 1 32402910 Vitpa01g21080 GO:0005515 Consensus disorder prediction
S2_47786838 2 47786838 Vitpa02g27300 GO:0043190 Glutathione synthetase ATP-binding
S2_64059706 2 64059706 Vitpa02g39460 Zinc finger
S7_3025298 7 3025298 Vitpa07g02460 GO:0005515 Calcium signaling
S9_43700743 9 43700743 Vitpa09g19440 PTHR14859 Protein binding
S10_50604452 10 50604452 Vitpa10g25960 GO:0003677 Chromosome cohesion

S12_32853547 12 32853547 Vitpa12g19540 GO:0003824 Protein metabolism and
gluconeogenesis

S12_7613999 12 7613999 Vitpa12g07520 GO:0055114 Catalyze the oxidation of alcohols to
aldehydes and ketones

Kernel weight
S1_30720144 1 30720144 Vitpa01g20620 GO:0003676 Hydrolyze ATP

S8_43605016 8 43605016 Vitpa08g25310 GO:0004672 Predict protein residues as
disordered

a Chromosome, b Marker chromosome position and c Gene ontology.

This study further identified seven gene/protein families associated with the percent
dry matter oil content in shea nuts: Acyl-ACP Thioesterase Fat B (FATB); Acyl-CoA-binding
protein (ACBP); Long Chain Acyl-CoA Synthetase (LACS); Fatty acid exporter (FAX2);
(3-ketoacyl-ACP synthase II (KASII) and Fatty acid desaturases (FADs) on chromosomes 1,
3, 8, 9, and 11 (Table 6).

Acyl-CoA-binding protein (ACBP) was identified on chromosomes 3 at loci S3_14843482
and chromosome 5 at loci S5_6275145 that govern plant seed oil accumulation (Table 6).
The genes are 1 Mbs from their respective SNPs. Candidate Gene (CG) selection for shea
nut oil accumulation is presented (Supplementary Table S2). The genes were annotated
with protein-coding genes, using GO.OBO v2.1. The functions of these genes in enhancing
shea oil content are explained in Table 6.
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Table 6. Gene annotation for the significant SNPs for oil content traits.

Traits Marker Chr a Pos b Gene ID c GO. d Function

Oil content S1_60237300 1 62536299
Vitpa01g27780
(Acyl-ACP Thioesterase
Fat B (FATB))

GO:0004553 Consensus disorder prediction

S3_14843482 3 14843482
Vitpa03g10720
(Acyl-CoA-binding protein
(ACBP))

GO:0005515 Protein binding

S4_32032310 4 32032310
Vitpa04g14070
Long Chain Acyl-CoA
Synthetase (LACS))

G3DSA Oxidoreductase activity

S5_6275145 5 6275145
Vitpa05g04280
(Acyl-CoA-binding protein
(ACBP))

GO:0000160 Transcriptional regulation of
oil biosynthesis in seed plants

S8_41696703 8 41696703
Vitpa08g23790
(Fatty acid exporter
(FAX2))

GO:0008168 methyltransferase activity

S9_32689981 9 32689981
Vitpa09g14250
(3-ketoacyl-ACP synthase
II (KASII))

GO:0004672 Early noduling

S11_43126044 11 43126044 Vitpa11g24760 (Fatty acid
desaturases (FADs)) abiotic stress reduction

a Chromosome, b Chromosome position, c Gene identification and d Gene Ontology.

3.5. Linkage Disequilibrium (LD)

The distance of the first part of the LD decay before correlation coefficient, r2 values
reach zero was 2,312,772 bp, comprising of 375,037 marker pairs (Table 7). The r2, decayed
within 1–2 Mbps to a value < 0.01.

Chromosome 2 had the highest (46,764 marker pairs) LD followed by chromosome 1
(39,461 marker pairs), while chromosome 4 had the lowest (21,698 marker pairs). The total
number of significant marker pairs was 11,940, with chromosome 2 having the most (1330)
marker pairs and chromosome 4 (626) having the list.

Table 7. Distribution of LD marker pairs according to chromosomes.

Chromosome Chr1 Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9 Chr10 Chr11 Chr12

# marker pairs 39,461 46,764 22,990 21,698 34,482 30,834 28,187 32,786 30,232 35,784 24,736 27,091

“#” in Table 7 represents the word “number”.

The association analysis of the 374 highly heterozygous shea trees and the 7530 quality
SNPs resulted in two most significant SNPs. Variations in the seed traits explained by the
individual SNP markers (r2) varied from 4.47 to 15% for the significant SNPs. Allele ‘A’ of
S1_60237300 marker had the highest allele effect (0.83) revealing higher association with
increasing oil yield in shea tree, followed (0.81) by allele C in marker S11_43126044 and allele
A (0.68) in S5_6275145 marker. Furthermore, for kernel width, allele ‘C’ in S12_32853547
also had a moderate effect (0.29). None the less, allele ‘T’ in marker S6_46530240 revealed the
highest (−0.25) negative effect for the studied traits. The LD of significant SNP loci revealed
six loci, three each on chromosomes 1 and 8, indicate that the markers had higher LD (r2 > 0.8).
The markers in the rest of the chromosomes had a considerably low LD (r2 < 0.5).

4. Discussion

4.1. Phenotypic Data

Shortening juvenile maturity period for early fruiting and increasing oil yield per acre
and quality aspects in shea oil are the major concerns in the shea industry. This study
aimed at selecting shea parent materials for future breeding programme and bring about
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farmer solutions by establishing Multi-location Breeding Seed Orchards as a short-term
remedy to quality source of shea tree planting materials.

There was variation in the seed trait characteristics in the shea accessions. The results
for seed traits indicated a significant variation within the populations and a non-significant
variation among the populations. Such non-significant variation observed among the
populations is important in breeding for varieties that can easily be adapt across all the
geographical range in Uganda. Furthermore, any newly bred variety shall be acceptable
by all the communities within the shea parkland in Uganda. With the reliable heritability,
selecting traits with marker association for high oil yield in shea tree will result in good
genetic progress of the species. Earlier studies by Gwali et al. [36] and Okullo et al. [37]
reported similar oil content (52.26%) in the species with this study (53.5%). The results of
this study were slightly higher due to the participatory selection which suggests a potential
genetic gain from selection given several genotypes with known higher yield (69.77%).
Such results can be important in assessing the G × E interactions for some traits.

4.2. Candidate Gene Scan in the Oil Content Traits

The shea genome revealed associated SNP markers, important for identification of
QTL regions controlling the variations of the quantitative traits [1]. Most important of
this was the identification of the seven significant SNPs located close to genes that encode
different proteins related to plant metabolic mechanisms and transport of biosynthetic
products and materials.

GWAS can increase detectability of genomic association in plants [38]. In fact, GWAS
has gained increasing popularity as a tool for analysing complex traits in plants [39]. It
has been used to reveal the genes controlling polygenic traits including the genetic loci
associated with the trait of interest in fruit trees [20]. Kumar et al. [40] used Mixed Linear
Model statistical model for GWAS to study six commercial fruit traits in apple seedlings
suggesting the potential of the tool in shortening the breeding cycle of tree species like shea.

The advances in omics technologies have enabled researchers to identify candidate
genes that promote improvement of associated traits of commercial importance in plants.
Earlier very few studies were conducted in determining these functional genes in shea
tree [6,41,42]. However, recent sequencing of shea reference genome [8] and identification
of genes in shea tree [1], has paved new avenues of genomic studies in the species. Studies
for biochemical pathways of oil synthesis in plant seeds have been advanced [43] and
several gene expression and enzyme activities in plant seed oil accumulation fronted [44].
Interestingly, 45 seed oil biosynthesis genes were reported in shea tree genome [8]. This
study discovered 23 such genes that are potentially associated with shea nut oil biosynthesis
pathways (Tables 5 and 6). Of all, acetyl-CoA carboxylase (ACC) is notably the major
enzyme catalyst in shea oil biosynthesis [1]. Earlier studies revealed 9 gene copies of
Ketoacyl-ACP synthase (KAS) in shea, 6 of these were also reported in Theobroma cacao,
suggesting their contribution to the increased lipid content in shea than in cocoa. Other
genes with higher number of copies in shea include: FAD2, FAD3, and LACS genes [34].
The biological effect of LACs genes discovered on chromosome 4 includes modification of
fatty acids chain lengths along the plant oil biosynthesis pathways [45].

The validity of the interrelations among the traits of study was assessed using correla-
tion matrix. It was observed that oil content in V. paradoxa was only moderately correlated
with kernel width. As observed in the biochemical functions of the genes conditioning the
seed related traits that condition seed development and seedling germination. In concor-
dance with this study, Jasinski et al. [46] reported that plant seed oils in angiosperms act as
an important reserve of carbon and energy soon after seedling germination until it starts
photosynthesis. The presence of proteins suggests their role in promoting shea bioactive
functions that condition high oil yield in the species. Previous studies in shea by Lovett
and Haq [3] revealed similar proteins that play a major role in oil biosynthesis pathways in
oil plant seeds. In fact, Wei et al. [1] predicted presence of more genes associated with oil
metabolism in the shea tree genome. Another study Hale, et al. [8] predicted expansion
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of gene families involved in stearic acid biosynthesis in shea tree which agrees with this
current study.

The significant candidate gene for oil content in this study, Acyl-CoA-binding protein
(ACBP) was located on chromosome 3 and 5 associated to markers S3_14843482 and
S5_6275145 with annotated transcriptional regulation of oil biosynthesis in seed plants.
The enzyme plays a role during early fruit formation and play multiple functions such
as: tissue growth, cellular trafficking, and physiological processes [47]. The enzymes are
usually in the nucleus, are expressed predominantly in developing seeds during maturation.
Similar findings were also reported in Arabidopsis thaliana seeds [35]. Moreover, the strong
association with annotated function and Acyl-CoA-binding protein (ACBP) genes could be
taken advantage of to breed for high oil yield shea tree varieties in Uganda. The biological
effect of ACBP includes lipid metabolism, cellular signalling for stress management and
disease resistance in plants [48]. This gene encodes metal ion binding enzyme, mostly
carbonic anhydrase and alcohol dehydrogenase enzymes that contain zinc as part of their
molecule. This zinc finger gene family has been reported to play a major role in oil
biosynthesis pathways in the oil palm [48].

The third significant candidate gene was Ketoacyl-ACP synthase (KAS) gene. The
gene plays a major role in lipid biosynthesis pathways in shea nuts, thereby increasing oil
content in the species [8]. Similar findings on Chinese seed oil shrub, Paeonia lactiflora have
been advanced [49]. KAS II for example is key in the biosynthesis pathways of fatty acids
in plant seeds [50] and early nudling. The Fatty acid exporter (FAX2) genes play a major
role in biosynthesis transportation and significantly increases oil content in shea tree. In
another study, Janik et al. [51] reported the involvement of FAX in Chlamydomonas reinhardtii
oil synthesis, similar to this current study. On the other hand, Acyl-ACP Thioesterase
Fat B (FATB) was also discovered in other plants like Koelreuteria paniculata known to
be involved in the synthesis of saturated fatty acids in the species [52], which is in line
with this current study. Further still, FADS genes reported in this study, is responsible
for the synthesis of unsaturated fatty acids and important for plant development and
response to biotic and abiotic stresses [53]. The report therefore confirms the findings in
this current study for the role played by the genes in significantly controlling high oil yield
in V. paradoxa Subsp. nilotica.

4.3. Candidate Gene Scan within the Seed Related Traits

The seed related traits with significant SNPs under this study were having linkage
with oil yield in shea nuts. The proteins responsible for oil biosynthesis identified in kernel
length trait was associated to marker S8_11121701 in chromosome 8. In kernel width trait,
S1_32402910 marker discovered on chromosomes 1 had proteins which are linked with
processes involved in plant seed oil biosynthesis pathways [24]. For kernel weight trait,
S1_30720144 and S8_43605016 markers in chromosomes 1 and 8 were associated with the
proteins responsible for oil biosynthesis. In fact, Wei et al. [1] reported similar results with
QTLs identified at different locations of shea tree genome. The proteins play a major role
in ATP hydrolysis and prediction of protein residues as disordered, during plant seed oil
biosynthesis processes. The first evidence was reported by Botha et al [54] linking the
functions of the genes to seed development and early seedling growth in Ricinus communis
oil seeds. The genes reportedly play a major role during seed drying by concentrating
inorganic phosphate while de-concentrating the extracellular pyrophosphate which inhibits
formation of minerals [55].

4.4. Linkage Disequilibrium (LD)

The LD reveals the evolutionary and demographic events of a population and in map-
ping genes that are associated with quantitative traits. The implication of this association is
that the marker loci contain a causal variant in LD with the identified marker by GWAS.
This is further revealed by the small blocks in heat map where the causal variant(s) can be
sought. Therefore, it is important to increase our understanding of co-evolution of linked
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sets of genes. A wide range of LD (r2 > 0.2) in the shea tree population used in this study,
was also found in citrus [56]. Such a range of LD is expected in heterozygous outcrossing
species like shea tree [56]. The mean r2 (0.2) in the shea tree population indicated that the
markers in the shea tree population is sufficient for genomic selection as LD is maintained
by selection. This study describes the potential candidate genes associated with oil yield in
shea tree. It further describes the locations of these significant genes in the chromosomes
for any further verification. The significant association was discovered on chromosome
1 and 8 for seed related and oil yield traits, explaining 58% of the phenotypic variation.

Inbreeding creates LD owing to the recent common ancestry by increasing the co-
variance between alleles at different loci. This, therefore, offers opportunities to design
association studies and allele transfer using marker-assisted selection [57,58]. LD therefore
presents an opportunity in this study in that if an upper positive selection of preferred
traits in shea tree is conducted, it will accelerate the frequency of alleles conferring the
preferred trait during breeding. This is because as the linked loci strongly remain in LD
with that allele.

4.5. Marker Assisted Selection in Shea Tree

The oil content candidate genes identified in this present study will be cross validated
in the established multi-locational trials in NgetaZARDI and NASARRI to determine the
ideal molecular markers for enhanced shea tree oil content breeding programs in the
country. This is possible by stacking the novel genes into the shea tree genotypes with
high oil content using marker-assisted selection. A combination of novel QTLs can further
enhance oil content in the shea tree. Furthermore, determination of the allelic status at the
markers with significant alleles for oil content will enable the selection of those significant
markers for shea oil yield improvement in Uganda. The variations observed in the traits
within the location but not across confirms that the species is highly outcrossing [42] or
segregating population. The Analysis of variance (ANOVA) in Table 3 indicates a significant
variation within the population and this further re-affirms the level of variation in the
species. The result of this study points to potential QTNs that explain the genetic variations
in the population. In this study, the putative major QTN for oil content explains up to 58%
of the phenotypic variance in the species.

Developing MAS options that use the identified molecular markers linked to traits
of interest is of importance for speeding the selection process in shea tree with high oil
content [59]. The use of significant SNP markers identified through GWAS analysis are
important for performing MAS for shea tree breeding. In fact, the application of MAS in
shea tree breeding is now made easy with the availability of genomic information on the
species [8] coupled with sequencing transcriptome that now makes it possible to align
them with the identified markers of interest [1,8]. The six identified markers (S1_30720144,
S1_32402910, S1_60237300, S8_11121701, S8_41696703 and S8_43605016) in this study could
be applied in MAS for enhanced oil content in V. paradoxa Subsp. niltica. The MAS can
play a very important role in this kind of trait useful for early nursery selection of late
expressing traits in the species, and therefore, by performing MAS at seedling stage (far
earlier than the juvenile maturity) will greatly reduce the breeding circle.

In this current study, the application of MAS will enable the selection of S1_30720144,
S1_32402910, S1_60237300, S8_11121701, S8_41696703 and S8_43605016 markers linked
with high oil content genes in the shea nuts. Selection of genotypes with a combination of
preferred traits accumulated in one accession would therefore augment the process of shea
tree improvement. More value to the communities as an upstream selection would also
require prioritizing the genotypes with significant SNPs but from sweet pulped ethnovari-
ety to meet the community’s food and nutrition requirement [60,61]. The availability of
markers linked to the identified genes will even make it possible to take the advantage of
MAS in identifying heterozygous genotypes and therefore apply positive MAS selection
for the alleles resulting in a very informative phenotypic traits selected for. On the other
hand, MAS could also be applied in negative selection in order to introgress the target trait.
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5. Conclusions

The study of marker trait association presents an important step towards identify-
ing the genomic regions associated with the traits of interest to further marker-assisted
breeding in shea tree. The current study identified 23 putative markers associated with oil
accumulation in shea nut. Candidate genes located on chromosomes 1 and 8 were the most
important genes in oil biosynthesis and accumulation in V. paradoxa. It is important to note
in this study that the position of the seed traits related candidate genes were in agreement
with the locations of the oil yield hotspots on chromosomes 1 and 8. This is in support
of the need for application of MAS in shea tree and presents the first ever breakthrough
in identification of chromosomes 1 and 8 hotspots in the improvement and breeding of
shea tree in Uganda for increased oil yield. This study therefore presents the first ever
genomic information on associated genes responsible for V. paradoxa Subspecies nilotica nut
oil biosynthesis. The results therefore establish the foundation for explaining the molecular
mechanisms of oil biosynthesis for V. paradoxa Subspecies nilotica. The markers and their
linked genes provide a significant resource for improving oil content in the species. The
study therefore sets pace for genomic assisted breeding in V. paradoxa Subsp. nilotica and
also broadens our understanding in the role of genomic approaches in advancing yield
component traits. The findings of this study will contribute to the initiation of shea breeding
for increased oil yield in Uganda. This information could also be used for future gene
pyramiding, increasing genetic gain, trait introgression, marker-assisted selection, and
selection of parental lines for multiplication and generation of putative genotypes for shea
tree breeding programs in Uganda. The study further presents gaps for future validation
of the hot spot regions identified on chromosomes 1 and 8.
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coordinated and the details of the farmer on whose farm the tree is located. Table S2: Candidate
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Abstract: Jujube (Ziziphus jujuba Mill.) is a fruit tree that is gaining increasing importance in drought-
affected regions worldwide. The fruit size is an important quantitative agronomic trait that affects
not only the fruit yield and attractiveness but also consumer preference. Genetic enhancement of fruit
appearance is a fundamental goal of jujube breeding programs. The genetic control of jujube fruit size
traits is highly quantitative, and development of high-density genetic maps can facilitate fine mapping
of quantitative trait loci (QTLs) and gene identification. However, studies regarding the construction
of high-density molecular linkage maps and identification of quantitative trait loci (QTLs) targeting
fruit size in jujube are limited. In this study, we performed whole-genome resequencing of the jujube
cultivars “JMS2” and “Xing16” and their 165 F1 progenies to identify genome-wide single-nucleotide
polymorphism (SNP) markers and constructed a high-density bin map of jujube that can be used to
assist in the selection of multiple traits in jujube breeding. This analysis yielded a total of 116,312
SNPs and a genetic bin map of 2398 bin markers spanning 1074.33 cM with an average adjacent
interval of 0.45 cM. A quantitative genetic analysis identified 15 QTLs related to fruit size and the
observed phenotypic variation associated with a single QTL ranged from 9.5 to 13.3%. Through the
screening of overlapping and stable QTL regions, we identified 113 candidate genes related to fruit
size. These genes were ascertained to be involved in cell division, cell wall metabolism, synthesis of
phytohormones (ABA, IAA, and auxin), and encoding of enzymes and transcription factors. These
candidate genomic regions will facilitate marker-assisted breeding of fruits with different sizes and
shapes and lay a foundation for future breeding and manipulation of fruit size and shape in jujube.

Keywords: jujube; whole-genome resequencing; bin map; QTL; fruit size

1. Introduction

Chinese jujube (Ziziphus jujuba Mill., 2n = 2x = 24) belongs to the genus Ziziphus and is
one of the most economically important members of the Rhamnaceae family [1–4]. Native
to China, it is one of the oldest cultivated fruit trees in the world with over 7000 years of
cultivation history and is now a major dry fruit crop [5]. At present, more than 90% of
jujube production is concentrated in six provinces: Xinjiang, Hebei, Shandong, Shanxi,
Shaanxi, and Henan. It is the foremost dry fruit in terms of production and the main
income source of ~20 million farmers in China [2,3]. It is well adapted to various biotic
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and abiotic stresses, especially drought and salinity, and is considered an ideal cash crop
for arid regions, such as Xinjiang. Although jujube cultivation is several thousand years
old [5,6], jujube fruit quality traits, such as the size and flesh flavor, still require significant
improvement to satisfy consumer preference. Understanding the molecular mechanism
of genes controlling fruit quality is the key to developing jujube cultivars with improved
fruit quality.

Highly saturated genetic linkage maps are essential for the fine localization of genes,
marker-assisted selection (MAS), and structural and functional genomics. Marker-assisted
quantitative trait locus (QTL) studies have used genetic linkage maps to dissect the genetic
basis of complex traits in several horticulture plants [7–9]. The first genetic map of jujube,
developed from 72 progeny of the cultivars “Dongzao” and “linyilizao”, was constructed
using random amplified polymorphic DNA (RAPD) makers [10]. In this case, the use of
RAPD markers led to a separate map for each of the parents, which had unequal number of
linkage groups. Due to the lack of genomic information, the number of available markers
in the map was small and the repeatability was poor. The inability to distinguish between
homo- and heterozygosity meant this method was unable to capture complete genetic
information in jujube. Later studies used codominant AFLP and SSR markers for genetic
map construction [11–13], but the resulting map density was too limited for fine mapping
of traits of interest in jujube.

With the availability of draft jujube genome assemblies and genome resequencing data
based on next-generation sequencing platforms [14], a genetic linkage map of jujube with
the most comprehensive genome coverage, the largest number of markers, and the largest
marker density has been constructed [15,16]. The markers can improve genetic resolution
to fine map qualitative traits and facilitate map-based gene cloning in jujube [17]. However,
the tools and approaches required to develop genetic maps from millions of markers from
genome resequencing projects are not available, and some data reduction approaches are
useful to obtain the most informative markers for further analysis [18].

Bin markers are continuous SNPs occurring at nonrecombining intervals in the genome.
They have the advantages of being computationally less intensive and highly accurate,
having better density, and being more precisely mapped and cost-effective [19]. In com-
bination with whole-genome sequencing approaches, the bin mapping strategy helps to
construct highly dense genome-wide linkage maps by capturing rare recombination events
in segregating populations. For example, Peng et al. used a multiomics approach that
integrated whole-genome resequencing-based quantitative trait locus (QTL) mapping with
an F1 population, population genomics analysis using germplasm accessions, and tran-
scriptome analysis to identify genomic regions that are potentially associated with fruit
weight in loquat [20]. Therefore, the bin mapping approach is highly suited to reducing
the sequencing datasets by keeping the most informative markers for high-density genetic
map construction and QTL identification [18].

Fruit size is an integral part of fruit quality and directly influences the commodity value
and economic return of fruit crops. Linkage-map-based identification of molecular markers
or genes of interest and molecular-marker-assisted breeding hold enormous promise. Thus,
their application is urgently needed to improve the existing cultivars of jujube. Despite
the importance of fruit size, its underlying molecular mechanisms remain understudied
in jujube. Studies have shown that fruit size traits are controlled by polygenes with weak
inheritability [21] and are directly or indirectly regulated by one or more hormones [22,23].

In this study, we report a high-density bin-marker-based genetic map on fruit size in
Chinese jujube. The stably inherited major QTLs were screened, and the candidate genes
determining fruit size were mined. The results obtained lay a foundation for employing
MAS in breeding programs, fine mapping, and cloning of crucial genes in jujube.
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2. Materials and Methods

2.1. Test Materials and Phenotypic Determination

Because it is difficult to construct F2 populations in fruit trees, F1 generation is gen-
erally used as the material for constructing genetic maps. For example, in apples [24],
pears [18,25], grapes [26], and apricots [27], F1 hybrids have been used as materials for
mapping. In this study, an F1 segregating population consisting of 165 progenies obtained
from a “JMS2” × “Xing16” cross conducted by Prof. Liu Mengjun and team at the Hebei
Agricultural University, Hebei, China, was used. They were planted with a spacing of
1 × 3 m in a jujube orchard (80◦28′ E, 40◦59′ N) located in Aral City, China, in 2018. In
2019, 2020, and 2021, 30 representative fruits with uniform size, no pests and diseases, and
normal development at the fully red mature stage were picked from each progeny and
each of their two parents as representative samples. SFW, FLD, and FTD were measured
according to the method described in the Germplasm Resources of Chinese Jujube [6].

2.2. Extraction of Genomic DNA, Library Construction, and Sequencing

In mid-May 2020, the healthy young leaves of each progeny and the two parents were
harvested, cleaned, placed into numbered cryovials, flash-frozen in liquid N, and stored
in a –80 ◦C ultralow temperature laboratory freezer. Total genomic DNA was extracted
by the CTAB method and randomly digested into 150 bp long fragments [28]. The library
construction involved end repair, the addition of polyA to the 3′ end, ligation of sequencing
adapters, purification, and PCR-based amplification. After stringent quality checks, the
libraries were paired end to end and sequenced using an HiSeqTM2500 platform (Illumina,
San Diego, CA, USA).

2.3. SNP Marker Screening and Genotyping

The raw reads were filtered to obtain clean reads by eliminating the adapters, reads
with >10% of bases, and reads of low quality [29]. The cleaned reads were aligned to
the jujube reference genome of “Dongzao” [14] using the Burrows–Wheeler Aligner
(BWA) software [30]. The read pairing information and flags on the BWA (sequence
alignment/map format) records were first cleaned up using the Duplicates tool (Picard:
http://sourceforgr.net/projects/picard/ (accessed on 18 September 2020)) to shield the
effect of PCR duplication. InDel realignment was performed using GATK [31], that is, the
sites near the insertion–deletion alignment results were partially realigned to correct the
alignment error caused by the insertion–deletion. Base recalibration was performed using
GATK to correct the base mass value. GATK was used for variant calling, including SNP
and InDel [32]. Based on the minimum recombination fragment identified in each progeny,
the SNP segments that did not undergo recombination in each progeny were combined,
thus forming a bin marker. All of the sequences of the bin markers that were used to
construct the linkage map were aligned to the physical sequences of the reference genome.
In order to ensure the quality of the bin mapping, the genotype homozygosity; parental
marker depths of 1×, 2×, and 3×; and markers located on nonchromosomal markers
were not considered. High-depth sequencing parents were used to fill in relatively correct
genotypes and correct the genotypes of low-depth offspring to ensure the correctness of
offspring typing.

2.4. Construction of Genetic Linkage Map

In order to ensure the quality of the map, the markers were filtered and screened
using the following methods: (1) remove markers with homozygous parents; (2) ensure
parental marker depth is not less than 4×; (3) remove nonchromosomal markers. According
to the parental genotyping of the offspring, high-depth parental sequencing ensures the
correctness of offspring typing. The linkage group was divided by the chromosome of
the marker, and the genetic linkage test was performed on the two markers. The linkage
phase was determined according to the recombination rate of markers. Wrong genotypes
were corrected using genotypes with relatively definite linkage. After marker filling and
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correction, the bin was divided according to the recombination of offspring. The samples
were arranged neatly according to the physical position of the chromosome. When there
was a typing change in any sample, it was considered that there was a recombination
breakpoint. The SNP between the recombination breakpoints was classified as bin, and
there was no recombination time in bin. Finally, the genetic map was constructed using
the bin as a mapping marker. The bin was divided into 15 linkage groups based on
known information. The linear arrangement of markers in the linkage group was analyzed
by HighMap (http://highmap.biomarker.com.cn (accessed on 24 February 2021)) [33]
software, and the genetic distance between adjacent markers was estimated.

2.5. Gene Mapping and Nomenclature of QTLs

The CIM method in R/QTL [34] was used to locate the QTLs related to SFW, FLD,
and FTD in the F1 population, and those with an LOD ≥3 were considered to be effective
in determining fruit size [35,36]. The QTL determining a specific phenotypic trait was
named using the following pattern: abbreviation of the English name of the trait + year +
the number of the LG it is mapped to + the code number of QTL, e.g., FW19.1.1 indicates
that the trait of SFW identified in 2019 was located in LG1 and belonged to QTL1. If the
same trait overlapped in the same location repeatedly over a period of two or more years
and demonstrated an LOD ≥ 3.0 and a PVE ≥ 10%, the QTL identified at that location was
considered to exist stably. Thus, the genes in these stable QTLs had a higher probability of
regulating the fruit size and could be screened to serve as candidate genes for this trait.

2.6. Screening and Annotation of Candidate Genes

The markers within the acceptable confidence interval associated with the stable QTLs
described in the previous section were compared with the genome of “Dongzao” as a
reference [GCF_000826755.1_ZizJuj_1.1] (https://www.ncbi.nlm.nih.gov/genome/1558
6?genome_assembly_id=219393 (accessed on 1 February 2021)). Functional annotation
and alignment were performed using the relevant sequences obtained from the COG, GO,
KEGG, Swissprot, and Nr5 databases. Based on the screening results of the functional
annotation studies, the candidate genes not related to the trait of fruit size were excluded
but those related to fruit size were identified as putative genes.

2.7. Data Processing and Analysis

The software OriginPro 8.5 (OriginLab, Northampton, MA, USA) was used to draw
the frequency distribution histogram of the SFW, FLD, and FTD parameters. SPSS 17.0
(IBM, San Jose, CA, USA) was used to determine if the parameters of fruit size conformed
to a pattern of normal distribution. The genetic transmission ability (Ta) of the parents was
calculated using the following formula: Ta = the average value of the trait in the hybrid
offspring/the average value of the trait in both the parents × 100%.

3. Results

3.1. Identification of SNP Markers Based on Whole-Genome Resequencing Data

A total of 386.5 GB of filtered data were obtained through the whole-genome re-
sequencing (WGRS) of the female parent “JMS2,” the male parent “Xing16”, and their
165 progenies, with 13.93, 9.92, and 362.65 GB of individual data, respectively, with an
average Q30 and GC content of 93.21 and 33.80% (Table 1). The sequencing reads of all
three groups demonstrated an alignment rate of >90% and average coverage depths of 28×,
19×, and 4.14×, respectively, compared to the genome of the jujube cultivar “Dongzao”
used as a reference [14]. The genome coverage was >80% (covering at least 1×) for the two
parents and 76.33% (covering at least 1×) for the progeny. The results obtained indicated
that the sequenced DNA samples had a low error rate.
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Table 1. Resequencing data statistics of “JMS2” × “Xing16” F1 segregating population.

Sample
Total Clean
Bases (Gb)

Q30
Proportion (%)

GC Proportion
(%)

Average
Sequencing
Depth (×)

Mapped (%)
Coverage Ratio

(%)

Female parent 13.93 93.19 33.71 28× 97.91 87.31
Male parent 9.92 93.61 33.74 19× 97.84 86.24

Offspring 362.65 92.82 33.96 4.14× 97.04 76.33

A total of 1,569,033 SNPs were detected through a comparative study between the
genomes of the parents with a transition/transversion ratio (Ti/Tv) of 1.75 (Table 2). The
number of heterozygous and homozygous SNPs in “JMS2” were 615,822 and 953,211,
respectively, while those in “Xing16” were 713,815 and 855,218, respectively. A total of
148,738 SNPs with a depth not less than 4× were found suitable for coupling (CP). The
parents and their progeny were rigorously screened and filtered for the four genotype-
specific markers “nn × np” (n = 41,094), “Im × II” (n = 51,657), “hk × hk” (n = 23,405), and
“ef × eg” (n = 156), which accounted for 78.2% of the total number of markers identified.
Finally, 116,312 SNPs were retained for constructing bin markers using filtered data by
referring to a previously described method [37].

Table 2. Statistics of SNPs obtained from “JMS2” and “Xing16” detection.

Parents SNP Number
Transition
Number

Transverison
Number

Ti/Tv Ratio
Heterozygous
SNP Number

Homozygous
SNP Number

Female parent 1,569,033 998,634 570,399 1.75 615,822 953,211
Male parent 1,569,033 998,634 570,399 1.75 713,815 855,218

3.2. Construction of a High-Density Genetic Map Using the F1 Segregating Population Obtained
from “JMS2” × “Xing16”

Based on the genomic sequence of the jujube cultivar “Dongzao” as a reference
(https://www.ncbi.nlm.nih.gov/genome/15586?genome_assembly_id=219393 (accessed
on 24 February 2021)), the 116,312 SNPs were combined to form 2398 bin markers (each
containing an average of 49 SNP markers) using consecutive SNPs derived from all off-
spring of the same parent. These bin markers were then used for the molecular mapping of
selected genes. A genetic map was constructed with a total map distance of 1074.33 cM
containing 12 LGs and an average distance of 0.45 cM between adjacent markers. The
12 LGs ranged in length from 67.43 (LG9) to 124.86 (LG6) cM, the number of bin markers
ranged from 135 (LG9) to 263 (LG1) cM, and the average intertag distance ranged from
0.38 (LG1) to 0.52 (LG3) cM. The largest intertag distance was 7.76 cM (LG1), followed by
LG2, 3, and 9 (7.06 cM in all). The probability of gaps < 5 cM in length in the 12 LGs ranged
from 99.25 to 100%, and the average length of 99.61% of the gaps between consecutive
markers was <5 cM. LG6 and 9 were the longest and shortest LGs, respectively (Figure 1),
and the largest gap of 82–90 cM was in LG1 (Table 3).

Table 3. Distribution of bin markers on the high-density genetic map constructed.

Linkage Group
Number of

Bin Markers
Number of

SNP Markers
Genetic

Length (cM)
Average

Distance (cM)
Max Gap (cM) Gap < 5 cM (%)

LG1 263 16,203 99.45 0.38 7.76 99.62
LG2 211 10,638 96.26 0.46 7.06 99.52
LG3 188 9802 98.36 0.52 7.06 99.47
LG4 228 10,716 92.54 0.41 4.05 100.00
LG5 182 11,390 77.14 0.42 2.46 100.00
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Table 3. Cont.

Linkage Group
Number of

Bin Markers
Number of

SNP Markers
Genetic

Length (cM)
Average

Distance (cM)
Max Gap (cM) Gap < 5 cM (%)

LG6 249 9032 124.86 0.50 5.37 99.60
LG7 165 9878 67.46 0.41 1.83 100.00
LG8 221 8205 96.89 0.44 5.70 99.55
LG9 135 9366 67.43 0.50 7.06 99.25
LG10 206 7228 99.12 0.48 6.38 99.51
LG11 151 6948 71.71 0.47 5.04 99.33
LG12 199 6906 83.11 0.42 5.04 99.49
Totals 2398 116,312 1074.33 - - -

Overall average - - - 0.45 - 99.61
Max - - - - 7.76 -

Figure 1. The high-density genetic linkage map. Distribution of bin markers on 12 LGs. A black bar
indicates a bin marker. The LG number is shown on the x-axis, and the genetic distance in cM is
shown on the y-axis.

3.3. Phenotypic Analysis of Traits Relating to Fruit Size in the F1 Segregating Population

The values of the three indicators of fruit size in the two parents “JMS2” and “Xing16”
and the F1 segregating population derived from them were determined over a period of
three years: 2019, 2020, and 2021 (Table 4). The average values of fruit size in “JMS2”
were significantly higher than those in “Xing16” in all three years. The transmission of
parental genetic information showed the following pattern with regard to importance: FTD
> FLD > SFW. The absolute values of skewness and kurtosis in the F1 population were <2,
which conformed to a pattern of continuous normal distribution. The results obtained were
consistent with the number distribution plot, showing that the three typical quantitative
trait characteristics selected were suitable for use in QTL mapping (Figure 2). In addition,
three years of phenotypic data showed a significant positive correlation between SFW, FLD,
and FTD, indicating that the single fruit weight and the vertical and horizontal diameter
can influence each other (Table 5).
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Table 4. Statistics of fruit size traits in two parents and their F1 population over three years.

Traits Year
Parents F1 population

JMS2 Xing16 Range Mean ± SD Ta % Skewness Kurtosis

Single fruit weight (g)
2019 11.00 2.76 1.02–8.45 4.30 ± 1.38 62.52 0.200 0.287
2020 10.50 2.81 1.46–13.41 5.47 ± 1.99 82.22 0.989 1.817
2021 7.82 2.52 1.67–9.01 4.45 ± 1.38 86.09 0.574 0.557

Fruit longitudinal
diameter (mm)

2019 34.47 17.76 15.04–27.19 20.87 ± 2.64 79.92 0.020 −0.509
2020 35.04 18.49 14.32–32.49 22.33 ± 3.18 83.44 0.200 0.108
2021 32.58 17.45 14.88–31.34 21.40 ± 2.71 85.54 0.566 1.205

Fruit transverse
diameter (mm)

2019 25.58 16.16 12.27–23.57 19.22 ± 2.44 92.10 −0.512 0.111
2020 24.88 16.56 13.60–28.20 20.83 ± 2.74 100.53 0.146 0.067
2021 21.70 16.44 13.71–24.49 19.27 ± 2.24 101.04 0.566 1.205

Figure 2. Frequency distribution of fruit size traits in the parents and the F1 population over a
three-year duration. Frequency distributions of SFW, FLD, and FTD in progenies of the “JMS2” and
“Xing16” hybrid cross. The phenotypic data were collected in (A) 2019, (B) 2020, and (C) 2021. The
vertical coordinates correspond to the columns in which “JMS2” and “Xing16” are located in the figure
and indicate the range of the phenotypic values of SFW, FLD, and FTD in the parents. The horizontal
coordinates indicate the number of progenies occurring within the range of phenotypic values.
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Table 5. Correlation analysis of traits relating to fruit size in the F1 segregating population.

Year FW vs. FLD FW vs. FTD FLD vs. FTD

2019 0.8360 ** 0.9280 ** 0.7512 **
2020 0.8771 ** 0.9424 ** 0.7972 **
2021 0.8291 ** 0.9370 ** 0.6832 **

Double asterisks (**) indicated extremely significant correlation at p < 0.01 level; SFW stands for Single fruit
weight; FLD stands for Fruit longitudina diameter; FTD stands for Fruit transverse diameter.

3.4. QTL Analysis of Traits Relating to Fruit Size in the F1 Segregating Population Derived from
“JMS2” × “Xing16”

Based on the high-density bin marker map described in the previous section and the
phenotypic data for SFW, FLD, and FTD obtained over three years, a total of 19 QTLs
associated with these three fruit size traits were mapped to seven chromosomes/LGs with
a phenotypic interpretation range of 9.5–13.3% (Table 6). The number of QTLs detected
on LG2, 4, 6,7, 8, 11, and 12 was 7, 1, 3, 1, 2, 3, and 2, respectively. In 2019 and 2020, QTL
FTD2.1 was repeatedly detected on LG2. Its yearly phenotypic interpretation rates were
13.3 and 10.5% and its annual LOD thresholds were 3.08 and 3.35, respectively, due to
which it was recognized as the most effective QTL in determining fruit size. All the other
QTLs could only be detected in 2019 or 2020. However, the LOD thresholds of FW21.2.2,
FLD21.2.1, and FTD21.8.1 were all >3.5 and their contribution rates were >10%, due to
which they too were regarded to be equally effective QTLs.

Table 6. QTL mapping of traits relating to fruit size in the F1 segregation population.

Trait QTLs
Intervals on
Maps (cM)

LOD
Peak Marker
Position (cM)

PVE (%)
Containing

Markers

Single fruit weight

FW20.11.1 20.475–21.382 3.15 20.475 10.7 2
FW21.2.1 91.738–92.944 3.44 92.644 10.8 3
FW21.2.2 94.45–96.259 3.63 94.45 11.3 4

FW21.12.1 28.383 3.02 28.383 9.5 1

Fruit transverse diameter

FTD19.2.1 91.437–91.738 3.08 91.437 13.3 2
FTD20.4.1 18.968–23.921 3.27 23.02 11.1 5
FTD20.6.1 111.226 3.02 111.226 10.3 1
FTD20.6.2 113.029–113.93 3.15 113.33 10.7 4
FTD20.6.3 122.75 3.2 122.75 10.9 1

FTD20.11.1 21.382 3.04 21.382 10.3 1
FTD20.11.2 47.29–47.891 3.04 47.891 10.4 3
FTD21.2.1 91.738–92.944 3.35 92.644 10.5 3
FTD21.2.2 94.45 3.07 94.45 9.7 1
FTD21.2.3 95.352–96.259 3.15 95.352 9.9 2
FTD21.8.1 64.38–86.663 4.51 71.891 13.9 18
FTD21.8.2 92.085 3.00 92.085 9.5 1

FTD21.12.1 27.783–28.683 3.47 28.383 10.9 4
Fruit longitudinal

diameter
FLD21.2.1 91.137–96.259 3.91 94.45 12.1 11
FLD21.7.1 38.567–39.468 3.10 38.867 9.7 4

The QTLs were, however, not evenly distributed among all the LGs/chromosomes.
Certain LGs contained QTLs influencing multiple indicators of fruit size, with some even
clustered in the same regions (Figure 3). There was an overlap between FTD21.1, FW21.1,
and FLD21.1 on LG2 with a length of 91.738–92.944 cM, which was linked to all three traits
SFW, FLD, and FTD simultaneously. Another overlap zone between FW21.2, FTD21.2, and
FLD21.1 was found on LG2 with a length of 94.45–96.259 cM. This region is associated
with fruit weight and size. One overlap zone between FW21.1 and FTD21.1 with a length
of 28.383 cM on LG12 and another one between FW20.1 and FTD20.1 with a length of
21.382 cM on LG11 were identified with SFW and FTD, respectively. These genetic regions
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identified with QTLs demonstrating stable effects are worthy of attention in follow-up
studies (Table 7).

Figure 3. The QTLs distribution map of fruit size-related traits. The CIM method in R/qtl was used
to locate the QTLs regarding SFW, FLD, and FTD in the F1 population, and loci with LOD ≥3 were
considered to be effective. The QTL determining a specific phenotypic trait was named using the
following pattern: abbreviation of the English name of the trait + year + the number of the LG it is
mapped to + the code number of the QTL. The letters LG on the top of the linkage maps represent
“linkage group”, and the number following LG indicates the number of the linkage group. The QTLs
for SFW, FLD, and FTD are marked with red, pink, and blue colored bars, respectively.

Table 7. QTL cluster information of traits relating to fruit size.

Traits
Corresponding

QTL
Coincidence
Interval (cM)

Marker
Number

LG

Fruit transverse diameter,
Single fruit weight, Fruit

longitudinal diameter

FTD21.1,
FW21.1, FLD21.1 91.738–92.944 3 2

Single fruit weight, Fruit
transverse diameter, Fruit

longitudinal diameter

FW21.2,
FTD21.2,
FLD21.1

94.450–96.259 4 2

Fruit transverse diameter,
Single fruit weight FTD21.1, FW21.1 28.383 1 12

Fruit transverse diameter,
Single fruit weight FTD20.1, FW20.1 21.382 1 11

3.5. Prediction of the Putative Functions of Candidate Genes

The candidate genes influencing fruit size were identified based on the markers
mapped within the 15 QTLs and their physical location on the “Dongzao” genome. The
genes were mined from five databases, namely, Clusters of Orthologous Groups (COG, [38]),
Gene Ontology (GO, http://geneontology.org/ (accessed on 22 July 2021 and 7 July 2022)),
Kyoto Encyclopedia of Genes and Genomes (KEGG, Kanehisa Laboratories, Kyoto Univer-
sity), Swissprot (http://www.uniprot.org/ (accessed on 22 July 2021 and 7 July 2022)), and
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Nr (NCBI), to determine the tag information, markers, and genes in the associated regions.
The candidate QTLs that were identified in any two years of the study period concerning
at least two of the three indicators concerning fruit size or with LOD threshold ≥3.5 and
PVE ≥10% in any one year were selected for gene mining. A total of 727 genes were mined
(Table 8).

Table 8. Genes in the associated regions by comparing the databases.

LG
Coincidence Interval

(cM)
QTL Lloci

Gene
Number

COG
Anno

GO
Anno

KEGG
Anno

Swissprot
Anno

Nr
Anno

2 91.738
FTD19.1 9 3 4 5 9 9
FTD21.1 19 0 10 10 14 19

2 91.738–92.944
FTD21.1 19 0 10 10 14 19
FW21.1 19 0 10 10 14 19
FLD21.1 99 33 60 40 71 99

2 94.450–96.259
FW21.2 61 21 36 21 47 61
FTD21.2 41 12 24 16 32 41
FLD21.1 99 33 60 40 71 99

12 28.383
FTD21.1 30 12 25 14 28 30
FW21.1 3 2 3 2 2 3

11 21.382
FTD20.1 0 0 0 0 0 0
FW20.1 1 0 1 0 1 1

2 94.45–96.259 FW21.2 61 21 36 21 47 61
2 91.137–96.259 FLD21.1 99 33 60 40 71 99
8 64.38–86.663 FTD21.1 167 55 111 68 125 167

Total - - 727 225 450 297 546 727

According to the map positions of the candidate QTLs, 15 candidate genomic regions
affecting traits relating to fruit size were identified, the relevant candidate genes were iden-
tified, and their functions were predicted in GO and KEGG (Table 9). Consequently, a total
of 113 candidate genes possibly associated with the regulation of fruit size were identified.
These genes were found to be involved in the processes of cell division, cell cycle, cell wall
metabolism, and synthesis of phytohormones (ABA, IAA, and auxin) as well as encoding of
enzymes, transcription factors (TFs), and zinc finger proteins (ZFPs). The genes LOC107410242
and LOC107409642 were related to the morphogenesis of anatomical structure and tissue de-
velopment as well as regulation of gene expression and cellular and developmental processes.
The genes LOC107409953, LOC112490770, LOC107409998, LOC107409919, LOC107423923, and
LOC107423861 were related to encoding LRR receptor-like serine/threonine protein kinases.
LOC107410143 and LOC107423897 were associated with LRR receptor-like proteins and kinases,
respectively. LOC107410070 and LOC107423821 were related to the cell cycle. LOC107423912,
LOC107423913, LOC107431775, LOC107423905, and LOC107423928 were related to the syn-
thesis of phytohormones such as IAA, auxins, and cytokinins. LOC107409704, LOC107423900,
LOC107431772, LOC107423814, LOC107423857, LOC107423922, LOC107423848, LOC107423846,
LOC107423858, LOC107423925, LOC107423856, LOC107423903, and LOC107423881 were
related to the cell wall formation or metabolic enzyme activity. LOC107423820 and
LOC107423815 were associated with pectin esterase. LOC107423811 was related to the TF
BHLH. LOC107409987 was associated with a NAC domain-containing protein.
LOC107409426 was related to ZFPs. LOC107423816, LOC107423801, LOC107423813, and
LOC107431773 were related to E3 ubiquitin protein ligase. These genes may be involved in
the regulation of fruit size in jujube.
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Table 9. The genes putatively associated with jujube fruit development.

Range (cM) QTL Name Candidate Genes Candidate Gene ID Gene Annotation

91.738

FTD19.2.1 - - -

FTD21.2.1
LOC107410242 rna-XM_025070976.1

anatomical structure morphogenesis;tissue development;
regulation of gene expression; cellular process;

developmental process; regulation of cellular process

LOC107409642 rna-XM_016017070.2 regulation of cellular process

91.738–92.944

FW21.2.1
LOC107410242 rna-XM_025070976.1

anatomical structure morphogenesis; tissue development;
regulation of gene expression; cellular process;

developmental process; regulation of cellular process

LOC107409642 rna-XM_016017070.2 regulation of cellular process

FLD21.2.1

LOC107409704 rna-XM_016017148.2 Cell wall

LOC107409953 rna-XM_016017375.2 LRR receptor-like serine/threonine-protein At3g47570

LOC112490770 rna-XM_025071274.1 LRR receptor-like serine/threonine-protein EFR

LOC107410143 rna-XM_016017551.2 Leucine-rich repeat-containing protein

LOC107410070 rna-XM_016017481.1 regulation of mitotic cell cycle

LOC107409704 rna-XM_016017134.2 Cell wall

LOC107409998 rna-XM_016017417.2 LRR receptor-like serine/threonine-protein EFR

LOC107410070 rna-XM_025070726.1 regulation of mitotic cell cycle

LOC107410070 rna-XM_016017502.2 regulation of mitotic cell cycle

LOC107410242 rna-XM_025070976.1
anatomical structure morphogenesis; tissue development;

regulation of gene expression; cellular process;
developmental process; regulation of cellular process

LOC107409704 rna-XM_016017140.2 Cell wall

LOC107409426 rna-XM_016016863.2 Zinc finger protein

LOC107410070 rna-XM_016017488.1 regulation of mitotic cell cycle

LOC107409919 rna-XM_016017343.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107409987 rna-XM_016017405.2 NAC domain-containing protein

LOC107410070 rna-XM_025070727.1 regulation of mitotic cell cycle

LOC107410143 rna-XM_016017558.2 Leucine-rich repeat-containing protein

LOC107409642 rna-XM_016017070.2 regulation of cellular process

94.450–96.259

FW21.2.2

LOC107409953 rna-XM_016017375.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107409987 rna-XM_016017405.2 NAC domain-containing protein

LOC112490770 rna-XM_025071274.1 LRR receptor-like serine/threonine-protein EFR

LOC107409919 rna-XM_016017343.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107409426 rna-XM_016016863.2 Zinc finger protein

LOC107410143 rna-XM_016017551.2 Leucine-rich repeat-containing protein

LOC107409998 rna-XM_016017417.2 LRR receptor-like serine/threonine-protein EFR

LOC107410143 rna-XM_016017558.2 Leucine-rich repeat-containing protein

FTD21.2.2

LOC107409426 rna-XM_016016863.2 Zinc finger protein

LOC107410143 rna-XM_016017551.2 Leucine-rich repeat-containing protein

LOC107409953 rna-XM_016017375.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107410143 rna-XM_016017558.2 Leucine-rich repeat-containing protein

FLD21.2.1

LOC107409704 rna-XM_016017148.2 Cell wall

LOC107409953 rna-XM_016017375.2 LRR receptor-like serine/threonine-protein At3g47570

LOC112490770 rna-XM_025071274.1 LRR receptor-like serine/threonine-protein EFR

LOC107410143 rna-XM_016017551.2 Leucine-rich repeat-containing protein

LOC107410070 rna-XM_016017481.1 regulation of mitotic cell cycle

LOC107409704 rna-XM_016017134.2 Cell wall
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Table 9. Cont.

Range (cM) QTL Name Candidate Genes Candidate Gene ID Gene Annotation

LOC107409998 rna-XM_016017417.2 LRR receptor-like serine/threonine-protein EFR

LOC107410070 rna-XM_025070726.1 regulation of mitotic cell cycle

LOC107410070 rna-XM_016017502.2 regulation of mitotic cell cycle

LOC107410242 rna-XM_025070976.1
anatomical structure morphogenesis; tissue development;

regulation of gene expression; cellular process;
developmental process; regulation of cellular process

LOC107409704 rna-XM_016017140.2 Cell wall

LOC107409426 rna-XM_016016863.2 Zinc finger protein

LOC107410070 rna-XM_016017488.1 regulation of mitotic cell cycle

LOC107409919 rna-XM_016017343.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107409987 rna-XM_016017405.2 NAC domain-containing protein

LOC107410070 rna-XM_025070727.1 regulation of mitotic cell cycle

LOC107410143 rna-XM_016017558.2 Leucine-rich repeat-containing protein

LOC107409642 rna-XM_016017070.2 regulation of cellular process

28.383
FTD21.12.1

LOC107431773 rna-XM_016042763.2 E3 ubiquitin-protein ligase

LOC107431775 rna-XM_025079541.1 Cindole-3-acetic acid amido synthetase activity

LOC107431773 rna-XM_016042765.2 E3 ubiquitin-protein ligase

LOC107431773 rna-XM_025066560.1 E3 ubiquitin-protein ligase

LOC107431775 rna-XM_016042766.2 indole-3-acetic acid amido synthetase activity

LOC107431773 rna-XM_025066561.1 E3 ubiquitin-protein ligase

LOC107431772 rna-XM_016042762.2 plant-type secondary cell wall biogenesis

LOC107431773 rna-XM_016042764.2 E3 ubiquitin-protein ligase

FW21.12.1 - - -

94.450–96.259 FW21.2.2

LOC107409953 rna-XM_016017375.2 LRR receptor-like serine/threonine-protein At3g47570

LOC112490770 rna-XM_025071274.1 LRR receptor-like serine/threonine-protein EFR

LOC107409919 rna-XM_016017343.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107410143 rna-XM_016017551.2 Leucine-rich repeat-containing protein

LOC107409998 rna-XM_016017417.2 LRR receptor-like serine/threonine-protein EFR

LOC107410143 rna-XM_016017558.2 Leucine-rich repeat-containing protein

91.137–96.259 FLD21.2.1

LOC107409704 rna-XM_016017148.2 Cell wall

LOC107409953 rna-XM_016017375.2 LRR receptor-like serine/threonine-protein At3g47570

LOC112490770 rna-XM_025071274.1 LRR receptor-like serine/threonine-protein EFR

LOC107410143 rna-XM_016017551.2 Leucine-rich repeat-containing protein

LOC107410070 rna-XM_016017481.1 regulation of mitotic cell cycle

LOC107409704 rna-XM_016017134.2 Cell wall

LOC107409998 rna-XM_016017417.2 LRR receptor-like serine/threonine-protein EFR

LOC107410070 rna-XM_025070726.1 regulation of mitotic cell cycle

LOC107410070 rna-XM_016017502.2 regulation of mitotic cell cycle

LOC107410242 rna-XM_025070976.1
anatomical structure morphogenesis; tissue development;

regulation of gene expression; cellular process;
developmental process; regulation of cellular process

LOC107409704 rna-XM_016017140.2 Cell wall

LOC107409426 rna-XM_016016863.2 Zinc finger protein

LOC107410070 rna-XM_016017488.1 regulation of mitotic cell cycle

LOC107409919 rna-XM_016017343.2 LRR receptor-like serine/threonine-protein At3g47570

LOC107410070 rna-XM_025070727.1 regulation of mitotic cell cycle

LOC107410143 rna-XM_016017558.2 Leucine-rich repeat-containing protein
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Table 9. Cont.

Range (cM) QTL Name Candidate Genes Candidate Gene ID Gene Annotation

64.380–86.663 FTD21.8.1

LOC107423900 rna-XM_016033552.2 cell wall; auxin-activated signaling pathway

LOC107423928 rna-XM_025076890.1 cytokinin metabolic process

LOC107423913 rna-XM_016033565.2 indoleacetic acid biosynthetic process; response to auxin

LOC107423813 rna-XM_016033450.2 E3 ubiquitin-protein ligase

LOC107423814 rna-XM_016033451.1 cell wall; cell wall modification

LOC107423928 rna-XM_025076888.1 cytokinin metabolic process

LOC107423861 rna-XM_016033508.2 protein serine/threonine kinase activity

LOC107423912 rna-XM_016033564.2 indoleacetic acid biosynthetic process; response to auxin

LOC107423811 rna-XM_016033446.2 Transcription factor bHLH

LOC107423821 rna-XM_025076730.1 mitotic cell cycle; regulation of cell cycle

LOC107423857 rna-XM_016033503.2 cell wall

LOC107423801 rna-XM_016033440.1 E3 ubiquitin-protein ligase

LOC107423922 rna-XM_016033576.2 plant-type cell wall biogenesis; regulation of
meristem growth

LOC107423928 rna-XM_016033582.2 cytokinin metabolic process

LOC107423848 rna-XM_016033491.2 cell wall; Pectin methylesterase

LOC107423928 rna-XM_025076887.1 cytokinin metabolic process

LOC107423928 rna-XM_025076889.1 cytokinin metabolic process

LOC107423846 rna-XM_016033490.2 cell wall; pectinesterase activity; cell wall modification;
pectin catabolic process

LOC107423858 rna-XM_025076143.1 cell wall

LOC107423925 rna-XM_016033579.2 cell wall

LOC107423923 rna-XM_016033577.2 protein serine/threonine kinase activity

LOC107423815 rna-XM_025076224.1 putative pectinesterase/pectinesterase inhibitor 45-like

LOC107423897 rna-XM_016033547.2 Leucine-rich repeat receptor-like protein kinase

LOC107423905 rna-XM_016033556.2 response to auxin

LOC107423856 rna-XM_025076290.1 cell wall

LOC107423846 rna-XM_016033489.2 cell wall; Pectinesterase PPE8B

LOC107423903 rna-XM_016033555.1 cell wall

LOC107423821 rna-XM_016033457.2 mitotic cell cycle; meiotic cell cycle; regulation of cell cycle

LOC107423816 rna-XM_016033453.2 E3 ubiquitin-protein ligase

LOC107423881 rna-XM_016033528.2 Cell wall

LOC107423820 rna-XM_016033456.2 Pectinesterase 54

21.382
FTD20.11.1 - - -

FW20.11.1 - - -

4. Discussion

4.1. Advantages of Constructing a High-Density Genetic Linkage Map Based on Bin Markers

In this study, the genomes of “JMS2” and “Xing16” and their F1 progeny (165 in
number) were resequenced. The average coverage depth of the parental genomes was >20×
with an average genome coverage > 90%, while the average coverage depth of the offspring
was 4.14× with an average genome coverage > 76.33%. A total of 2398 recombination bin
markers comprising 116,312 SNP markers were mapped onto 12 LGs. The total length of the
linkage map was 1074.33 cM with an average bin intermarker distance of 0.45 cM. The map
presented in this study identified manifold SNP markers (116,312) in comparison to those
in the six genetic linkage maps already available (2540–8158) with the highest sequencing
depth. In addition, the genetic map presented used a bin-marker-based mapping to classify
consecutive SNP markers that did not undergo recombination as bins, thus avoiding the
probability of errors occurring in the SNP calculation due to the detection of numerous
loci and collection of a large amount of data. Bin markers have been used to develop high-
density genetic maps in many crops, such as radish [39], brassica napus [40], and melon [41],
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but not so much on fruit trees, such as hawthorn [42], pear [18], and grapes [26,43]. Our
study found the highest number of SNP markers that had shorter intermarker gaps, were of
high quality, and demonstrated enhanced precision in jujube. This will be more conducive
to determining the location of trait candidate gene segments.

4.2. Mapping of QTLs Associated with Traits Relating to Fruit Size in Jujube

The identification of QTLs affecting fruit size traits in jujube has been less studied
when compared to other fruit tree species. In this study, 15 QTLs associated with fruit size
traits were mapped, and candidate QTLs that were identified through molecular analyses
in at least two years of a three-year study, related to at least two of the three indicators of
fruit size (SFW, FLD, and FTD), or had an LOD threshold ≥ 3.5 and a PVE ≥10% in any one
year were selected for gene mining. A total of 113 genes were identified to be located on
LG2, 8, and 12. Previous studies have also mapped QTLs related to jujube fruit size, but the
results were inconsistent [44,45]. This may be due to differences in groups, environment,
and other aspects. Although the location of the QTL varies greatly, we can analyze the
function of these 113 genes in other species and may find some candidate genes related to
fruit development, laying the foundation for jujube breeding (Table 9).

4.3. In Silico Prediction of the Putative Functions of the Candidate Genes Determining
Fruit Size

Rapid cell division, cell elongation, and duration of the cell cycle determine the final
size, shape, and weight of the fruit. The family of serine/threonine protein kinases and
cell cycle proteins together with phosphorylated compounds act at two checkpoints to
initiate DNA replication and mitosis to regulate the cell cycle [46]. During the growth and
development of pear fruits, pectin esterase is associated with the relaxation and extension of
the cell wall pulp, which may lead to an increase in the number of cells. Similarly, cellulase
facilitates cell division when required while regulating their growth and development [47].
Cell wall biogenesis also plays an important role in cell expansion and unidirectional
elongation [48]. A homolog of an Arabidopsis ubiquitin-specific protease, ZjDA3, was found
to be a negative regulator of fruit size in jujube [49]. In addition, the MYB TFs are also
known to demonstrate regulatory effects on fruit development. The R2R3-MYB TF was
found to alter the size and shape of cells in the fruits and leaves of tomatoes [50].

Plant hormones directly regulate the fruit size and shape growth and development
by altering the expression of early response genes in horticultural plants. The high auxin
content depressed the expression of MdAux/IAA2, and the downregulated expression of
MdAux/IAA2 led to the formation of a large fruit size apple [22]. An important role for
auxin in the regulation of fruit development, especially at the fruit enlargement stage, and
three single nucleotide polymorphism (SNP) markers were also closely associated with fruit
weight in loquat [20]. Studies on the direct regulation of fruit size and shape by hormones
are more common in tomato and cucumber. ABA participates in the CsTRM5-mediated
cell expansion during fruit elongation [51], and the auxin-responsive protein CsARP1
promotes cell expansion and fruit elongation in cucumber [23]. In a study of strawberry
fruit shape, different expression genes were mainly enriched in DNA replication, cell
cycle, plant hormone synthesis, and signal transduction, including auxin-related genes
in elongated strawberry fruit [52]. Six candidate genes for fruit size were found to be
involved in the regulation of the cell cycle and hormone biosynthesis pathways, including
LOC107404981 and LOC107406728, which may be involved in the molecular regulation of
fruit size in jujube [53]. These studies have shown that fruit size and shape are inseparable
from plant hormones and can provide certain reference value for further research. In
this study, we identified 113 candidate genes regulating fruit size in jujube. These genes
were determined to be involved in the regulation of cell division, cell cycle, and cell wall
metabolism; biosynthesis of phytohormones (ABA, IAA, and auxin); and encoding of
enzymes, transcription factors, and ZFPs.
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In conclusion, we carried out high-density genetic bin mapping for the identification
of reliable QTLs and candidate genes in a single F1 hybrid population in jujube. These
results provide a foundation for further research on fruit size in jujube and also provide a
theoretical basis for molecular breeding of new jujube varieties.
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Abstract: Callus induction is a key step in establishing plant regeneration and genetic transformation.
In this study, we present a comprehensive large-scale investigation of the callus induction rate (CIR)
in peach trees, which revealed significant variability within the peach germplasm. Notably, the
late-maturing cultivars exhibited significantly higher levels of CIR. Moreover, cultivars characterized
as having high CIR exhibited potential for the development of adventitious roots (ARs) during callus
induction, and a positive correlation was observed between CIR and the ability to regenerate ARs.
However, long-term subculture callus lost root regeneration capacity due to changes in cellular mor-
phology and starch and flavonoid content. Additionally, PpLBD1 was identified as a good candidate
gene involved in the regulation of callus adventitious rooting in peach trees. Our results provide an
insight into the mechanisms underlying callus induction and adventitious root development and will
be helpful for developing regeneration systems in peach trees.

Keywords: Prunus persica; cotyledon; adventitious root regeneration; long-term subculture

1. Introduction

Peaches (Prunus persica L.) are widely cultivated in temperate regions as an important
economic fruit crop. The trees’ juvenility period is relatively short and the species has a
small haploid genome size, approximately 230 Mb [1,2]. However, it is well known that the
genetic transformation of the species is very difficult [3]. To date, a stable genetic transfor-
mation system is not available for peaches, which significantly hinders its application as a
genetic research model for Rosaceae fruit trees [4].

Callus induction and subsequent plantlet regeneration are the essential prerequisite
for genetic transformation [5]. Callus induction depends on cell fate transition that turns
the somatic state into pluripotency [6]. Callus can be derived from many kinds of ex-
plants such as leaves, mature embryos, stems, and immature embryos, but different types
of calli have a significant difference in embryogenic potential [7]. In peach trees, callus
induced from immature embryos is able to develop shoots, but mature embryos show
callus formation without shoot development [8]. However, in apple trees, embryogenic
callus can be efficiently induced from leaf explants from the cultivar Royal Gala, which
facilitates the establishment of a transformation system [9]. As callus induction materials,
cotyledon explants have been proved to have high frequency regeneration due to their
higher content of meristematic tissue, lower level of contamination, and improved brown-
ing [10–13]. Overall, leaf and cotyledon explants are the main sources of callus induction
and subsequent plantlet regeneration [14,15]
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In peach trees, callus induction from leaf and cotyledon explants has been widely re-
ported, but there are few reports of successful plantlet regeneration from callus culture [16–18].
Recently, Xu et al. [19] developed a fast and efficient root transgenic system through
Agrobacterium tumefaciens-mediated transformation in peach trees. However, transgenic
roots induced by Agrobacterium are difficult to develop lateral roots (LRs) as shown in our
study [19]. Thus, root differentiation seems to be a barrier for plant regeneration in peach
trees. Moreover, adventitious root emergence is a crucial step in stem cutting propagation
of fruit tree rootstocks. However, rooting difficulty of stem cuttings has been reported to be
a serious problem in asexual propagation of peach rootstocks [20]. There are few reports to
date on the adventitious root development and growth mechanism of peach trees [16,21].

Adventitious roots are essential for plant growth due to their functions of expanding
plant absorption area and supporting plants [22]. The mechanism of adventitious root de-
velopment in model plants such as Arabidopsis thaliana (L.) Heynh. and Oryza sativa L. have
been extensively studied. For instance, in A. thaliana, members of the lateral organ bound-
ary domain (LBD) gene family play an important role in plant organ development [23].
Auxin response factors (ARFs) such as AtARF7 and AtARF19 are involved in adventitious
root occurrence by triggering the transcription of AtLBD16 and AtLBD18 [24]. However,
auxin/indole-3-acetic acid protein (AUX/IAA) interacts with ARFs to inhibit ARF-induced
AR formation [25]. In rice, the LBD gene crown rootless1 (CRL1) is required for adventitious
root origination [26,27]. In addition to LBD and ARF transcription factors (TFs), the basic
helix–loop–helix (bHLH) TF family was also reported to regulate root formation [28,29].

Although numerous peach somatic tissues, for instance, leaves, stems and calyxes,
have been successfully applied to induce callus [30–32], the genetic mechanisms underlying
callus induction have not yet been illustrated. In this study, we evaluated diversity in
the callus induction rate among peach cultivars. Interestingly, adventitious roots were
often developed during callus culture, and there was a positive correlation between callus
induction rate and root regeneration capacity. Moreover, we identified candidate genes
for callus-based adventitious root formation. Our results not only provide insight into the
mechanism of adventitious root formation, but will also contribute to the establishment of
a genetic transformation model in peach trees.

2. Material and Methods

2.1. Plant Material and Growth Conditions

The peach cultivar ZYT used in this study was grown at Hubei Academy of Agricul-
tural Sciences, Wuhan, Hubei Province, China, while the other 99 peach cultivars, including
2 wild relatives, 8 landrace accessions, and 89 modern cultivars (Table S1), were grown at
Northwest A&F University, Yangling, Shanxi Province. The surface sterilization method
used was optimized based on a previous study [19]. Firstly, the pits of ripe fruits were
collected by peeling away the flesh with a knife and subsequently immersed in a solution
of sodium hypochlorite and water (v/v = 1:3) for 0.5 h. Later, the pits were thoroughly
rinsed three times with distilled water, left to air-dry at room temperature, and then stored
in the refrigerator at 4 ◦C. Two months later, the endocarp was removed and the seeds were
sterilized with 70% ethanol for 2 min. The seeds were transferred to a sterile triangular flask
and submerged in a solution of sodium hypochlorite and water (v/v = 1:3) for a duration
of 0.5 h, all while placed on an ultraclean platform. After 10 rinses with sterile water, the
seeds were incubated in sterile water at 25 ◦C for 15 h.

The coat of the seeds was removed with a scalpel, and the embryos and hypocotyls
were discarded. The cotyledons were cut into rectangular pieces of 1 cm × 0.5 cm. The
pieces were then placed in callus induction medium (CIM) as previously reported [30].
The pH of the medium was adjusted to 5.8 and sterilized using an autoclave at 121 ◦C
for 20 min. Three biological replicates of each cultivar were created, and each replicate
contained at least two cotyledons.
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2.2. Estimation of Callus Induction Rate and Rooting Rate in Peach trees

After 3 weeks of culture in CIM, the cotyledon was photographed using a Nikon SMZ25
microscope. The micrographs were used to estimate the size of the cotyledon and its callus with
ImageJ v1.8.0. CIR was calculated using the following formula: CIR = callus area × 100%

original cot yledon area .
After being cultured in CIM for 6 weeks, the number of callus-induced roots was recorded.
Five-year-old subcultured ZYT callus of was used as a control.

2.3. Histological and Ultrastructural Analyses

Callus induced from cotyledons at different stages was examined via scanning electron
microscope (SEM). After fixation with 2.5% glutaraldehyde, the callus was freeze-dried. A
Leica EMACE ion-sputtering coater (Leica, Wetzlar, Germany) was used to coat a layer of
gold powder onto the surface of the callus. Then, a desktop scanning electron microscope
(Hitachi, TM3030, Tokyo, Japan) was used to scan the surface structure of the callus.

For analysis via transmission electron microscopy (TEM), the callus was fixed with
2.5% glutaraldehyde and then submerged in ethanol with differing gradient concentrations
for 3 h. The fixed callus was cut into slices and stained, first with aqueous uranyl acetate
and then with lead citrate. The stained section was scanned using transmission electron
microscope (JEOL, Inc., Boston, MA, USA).

2.4. Measurement of Plant Metabolites

Fresh callus (100 mg) was ground into powder in liquid nitrogen, then the target
product was extracted using a mixture of methanol:water (v/v = 80:20) at 4 ◦C. Flavonoid
content and total phenol content were measured using the Plant Flavonoids Assay Kit
(BC1335, Solarbio, Beijing, China) and the Total Phenol Assay Kit (BC1345, Solarbio, Beijing,
China), respectively. The measurement of soluble sugars was based on our previous
report [33].

2.5. RNA Extraction, Quantitative Real-Time PCR and Transcriptome Analysis

Callus samples of approximately 100 mg were collected and ground in liquid nitrogen
for RNA extraction. RNA Rapid Extraction Kit (Megan, Guangzhou, China) was used
for total RNA isolation. A Primer Script™ RT reagent Kit with gDNA Eraser (TransGen,
Beijing, China) was used for first-strand cDNA synthesis. Quantitative real-time RT-PCR
(qRT-PCR) was performed using SYBR premix Ex Taq II Kit (YEASEN, Shanghai, China)
according to the manufacturer’s instructions to yield a final volume of 20 μL. qRT-PCR
was checked via StepOne Plus (ABI), and the internal reference gene was PpTEF2 [34].
The amplification procedure was 95 ◦C for 30 s, 95 ◦C 5 s, and 60 ◦C 5 s, over 40 cycles.
Relative gene expression level was measured according to the cycle threshold (Ct) 2−ΔΔCt

method [35]. Three replications were conducted for each treatment. Table S7 lists the
primers used in the experiment.

2.6. Transcriptome Analysis and Identification of Differentially Expressed Genes (DEGs)

RNA samples for library construction were prepared following the abovementioned
method, with each sample consisting of three biological replicates. RNA sequencing was
performed using the Illumina HiSeq2500 platform. Clean reads were obtained by removing
adapter sequences and low-quality reads. The HISAT2 v2.1.0 software program was
utilized to align the clean reads to the reference genome [2]. The DESeq2 v1.22.2 software
program was used to analyze the differential expression of each group [36,37]. Fragments
per kilobase of transcript per million fragments mapped (FPKM) was utilized as an index
to quantify the level of gene expression. Genes with |log2fold change| ≥ 1 and a false
discovery rate (FDR) < 0.05 were considered DEGs, and FDR was estimated according to a
previous report [38].
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3. Results

3.1. Difference in Callus Induction Rate and Callus-Based Root Regeneration among Peach Cultivars

To quantitatively assess the impact of genotype on callus induction, the size of callus
induced from the designated cotyledon callus area together with the original cotyledon
area were estimated (Figure 1A). The ratio of callus area to original cotyledon area was
used to estimate CIR. A total of 100 peach cultivars were analyzed, and CIR showed a
great variation among cultivars, ranging from 0–135% (Table S1). Based on their rates of
callus induction, peach cultivars were divided into six classes: I (≥100%), II (70–99%), III
(40–69%), IV (20–39%), V (1–19%) and VI (0%) (Figure 1B). Approximately 27% of cultivars
showed no callus induction capacity, while one cultivar, BJLY, had the highest rate of callus
induction. Both class II and class III cultivars exhibited relatively vigorous callus growth,
accounting for 13% and 25%, respectively, of all accessions tested. By contrast, class IV and
class V cultivars both had slow callus growth, and accounted for 16% and 17% of all tested
accessions, respectively (Figure 1C).

Figure 1. Relationship between callus induction rate and rooting ability. (A) Evaluation of rooting
ability of callus from one hundred peach cultivars. Callus induction rate (CIR) was calculated based
on the ratio of callus area (a) to original cotyledon area (b). (B) Classification of callus induction rate.
(C) The numbers of cultivars in different CIR classes. (D) The numbers of cultivars exhibiting root
regeneration ability in different CIR classes.

Notably, one or more ARs were often developed from the cotyledon-derived callus.
An example of ARs developed from the callus of four cultivars is shown in Figure 2A.
Approximately 50%, 54%, 48%, 38%, 6% of class I, class II, class III, class IV and class
V cultivars, respectively, were capable of developing adventitious roots from cotyledon-
derived callus, indicating an overall positive correlation between CIR and root regeneration
capacity (Figure 1D). In addition, approximately 60% of the cotyledons from the ZYT
cultivar developed adventitious roots during the process of callus induction. Interestingly,
adventitious roots from the cotyledon-derived ZYT callus had a more vigorous growth
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compared with those from the ZYT seedlings (Figure 2A,B), suggesting that ZYT has a
strong propensity for adventitious rooting from callus.

Figure 2. Adventitious root formation from cotyledon-derived callus from different peach cultivars.
(A) Adventitious roots from cotyledon-derived callus from different peach cultivars cultured in CIM
for 6 weeks. Note: the arrow shows that adventitious roots. (B) ZYT seedlings after cultivated on
CIM for 6 weeks. The plastic petri dish is 90 mm in diameter, while the cultivation vial is 75 mm in
diameter and 108 mm in height.

3.2. Identification of Candidate Genes Related to Adventitious Root Formation during Callus Culture

The CIR analysis revealed that cultivars ZH and QQ, like cultivar ZYT, were prone to
developing adventitious roots from cotyledon-derived callus. Since long-term subcultured
callus is characterized by a lack of regeneration ability [39], the five-year-old subcultured
ZYT callus designated CC5Y-ZY was unable to regenerate adventitious roots. To investigate
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the mechanism underlying callus-based root regeneration in peach trees, we compared
the difference in transcriptome profile between the cotyledon-derived calli of ZYT, ZH,
and QQ after 3 and 6 weeks of culture and CC5Y-ZY. For ease of description, cotyledon-
derived calli with potential rooting capacity from ZYT, ZH and QQ after 3 weeks of culture
in CIM were designated CC3W-ZY, CC3W-ZH, and CC3W-QQ, respectively, while the
root-bearing calli from ZYT, ZH, and QQ after 6 weeks of culture on CIM were termed
CC6WR-ZY, CC6WR-ZH, and CC6WR-QQ, respectively. The transcriptomes of CC3W-
ZY/ZH/QQ, CC6WR-ZY/ZH/QQ, and CC5Y-ZY were sequenced, with each containing
three biological replicates. After the adapter sequence and low-quality reads were removed,
143.33 Gb clean data were acquired from 21 RNA-seq libraries (Table S2). On average,
approximately 93.8% of the clean reads were uniquely mapped to the reference genome
Lovell v.2.0 [2] (Table S3).

A comparison of the transcriptomes from CC3W-ZY/ZH/QQ to those from CC5Y
revealed 1773 and 1512 commonly up-regulated and down-regulated differentially ex-
pressed genes (DEGs), respectively (Figure 3A). Likewise, comparison of the transcrip-
tomes from CC6WR-ZY/ZH/QQ with those from CC5Y revealed 2766 and 1605 commonly
up-regulated and down-regulated DEGs, respectively (Figure 3A). Overall, 1621 commonly
up-regulated DEGs and 1120 commonly down-regulated DEGs were expressed differen-
tially in the pluripotent calli of the three cultivars tested and the long-term subcultured
callus in the absence of totipotency (Table S4). Thus, these 2741 DEGs were expected
to contain genes related to the formation of callus and adventitious rooting. Annota-
tion of the 2741 DEGs was performed using the online program plantTFDB available at:
http://planttfdb.gao-lab.org/ (accessed on 7 April 2022). As a result, 184 and 62 transcrip-
tion factors (TFs) were identified in the commonly up-regulated and down-regulated DEGs,
respectively (Table S5).

Of the 184 up-regulated TFs, 14 are homologous to previously reported positive regu-
lators of root development in Arabidopsis, including PpMYB6 (Prupe.7G216000), PpRAX2
(Prupe.7G128800), PpMYB114 (Prupe.3G042100), PpANL2 (Prupe.2G291400), PpARR2
(Prupe.6G254900), PpLRP1 (Prupe.2G036500), PpSRS3 (Prupe.8G088300), PpbHLH123
(Prupe.4G196600), PpbHLH68 (Prupe.7G225800), PpDof1.4 (Prupe.4G042500), PpDof2.4
(Prupe.6G079500), PpERF109 (Prupe.8G125100), PpLBD1 (Prupe.2G191100), and PpWRKY75
(Prupe.1G223200) (Figure 3B; Table S6). The three MYB genes, PpMYB6, PpRAX2, and
PpMYB114, are homologous to AtMYB68, involved in root development [40]; AtMYB36,
controlling LR primordium (LRP) development [41]; and AtMYB66, related to the forma-
tion of root hair cell [42], respectively. Two bHLH genes, PpbHLH123 and PpbHLH68, are
homologs of AtPFA3 and AtPFA6, which both determine lateral root initiation [43]. Two Dof
TFs, PpDof1.4 and PpDof2.4, are homologs of AtURP3 and AtDof2.4, which are associated
with the promotion of radial growth in the root apical meristem [44]. Two RING-like
zinc finger TFs, PpLRP1 and PpSRS3, are homologs of AtLRP1 and AtSTY1, which control
LRP development [45]. PpANL2 is a homolog of the Arabidopsis HD-ZIP homeodomain
protein gene AtANL2, which is concerned with root growth [46]. PpARR2 is a homolog
of the G2-like family gene AtARR2, which is related to the domination of root meristem
growth [47]. An ethylene response factor (ERF) subfamily, B-3 of ERF/AP2 TF PpERF109,
is homologous to AtERF109, which regulates lateral root formation by mediating cross-talk
between jasmonic acid and auxin signaling [48], while PpLBD1 is homologous to AtLBD1,
which controls lateral organ fate [49]. The remaining gene, PpWRKY75, is a homolog of
AtWRKY75, which is related to lateral root (LR) development [50].

Of the 62 down-regulated TFs, 6 are homologous to previously reported negative reg-
ulators of root development in Arabidopsis, including PpPTI6 (Prupe.2G183200), PpAIL6
(Prupe.6G203000), PpARF17 (Prupe.1G507000), PpREM1 (Prupe.8G122700), PpHAT4
(Prupe.5G064300), and PpLBD4 (Prupe.4G138200) (Figure 3B; Table S6). PpPTI6 is homol-
ogous to Arabidopsis CRF TFs, which modulate root and shoot growth [51] PpAIL6 is a
homolog of AtPLT3, the key regulator of the de novo organ model during Arabidopsis LR
formation [52]. PpARF17 is homologous to the auxin-inducible repressor AtARF17, which
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negatively regulates AR formation [53]. PpREM1 is homologous to AtREM1, which is
involved in root gravitropic growth [54], while PpHAT4 is homologous to AtHAT4, which
inhibits root growth and branching [55]. PpLBD4 is homologous to AtLBD4, a master
regulator of root growth [56]. Taken together, above results suggested that 20 TFs have a
potential function in the induction of callus-based adventitious roots in peach trees.

Figure 3. Identification of candidate genes related to the formation of callus adventitious rooting.
(A) Venn diagram of DEGs between newly formed calli and long-term sub-cultured callus; (B) heat
map display of transcription factors that were differentially expressed between newly formed calli
and long-term sub-cultured callus; and (C) heat map display of DNA methylation and histone
modification-related genes that were expressed differentially in newly formed calli and long-term
sub-cultured callus.

Moreover, the abovementioned commonly up-regulated DEGs contained two histone
deacetylase genes, PpHDA14 and PpSRT2 (Figure 3C) [57]. Similarly, the commonly down-
regulated DEGs consisted of two DNA methyltransferase genes, PpCMT3 and PpMET1 [58],
as well as four histone/histone variant genes, PpH2A.1, PpH2AX, PpH2B, and PpH2B.3 [59]
(Figure 3C). These results suggested a potential role in DNA methylation and histone
modification in AR formation during peach callus culture.
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3.3. Expression of Candidate Genes Associated with Callus Adventitious Rooting in the
Cotyledon-Derived Callus

To confirm the relationship between callus adventitious rooting and the 20 abovemen-
tioned TFs, we investigated their expression in the cotyledon-derived callus of 8 cultivars,
including 2, 2, and 4 of class I, class II, and class V cultivars, respectively. Of the 20 TFs,
6 showed high levels of expression in class I and class II cultivars, but were weakly ex-
pressed in class V cultivars (Figure 4), indicating a consistency between their expression
and the callus rooting capacity. However, the remaining 14 TFs had no consistency between
expression and callus rooting capacity (Figure S1). These results indicate that the six TFs
PpDof1.4, PpDof2.4, PpLBD1, PpSRS3, PpRAX2, and PpbHLH68 are good candidates for
regulators correlated with the formation of ARs during callus culture in peach trees.

Figure 4. Expression levels of candidate genes associated with callus adventitious rooting in the
cotyledon-derived callus. The genes expression as determined by Qrt-PCR.
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3.4. Cellular Morphological Changes in the Cotyledon-Derived Callus during the Process of
Root Differentiation

The abovementioned common DEGs consisted of genes relevant to sugar metabolism
and flavonoid biosynthesis (Figure S2). Thus, we investigated metabolic changes in the
cotyledon-derived callus during the process of root differentiation using high-performance
liquid chromatography (HPLC) analysis. As a result, the soluble sugar contents of CC3W-
ZY, CC6WR-ZY, and CC5Y-ZY all displayed the following trend: fructose > glucose > sucrose
(Figure 5A). The CC5Y-ZY callus had the highest levels of fructose, glucose, and sucrose,
corresponding to 7.91, 8.46 and 14.58 mg/g, respectively. By contrast, the contents of
total phenols (TP) and flavonoids (FV) in CC5Y-ZY were extremely low, with 0.159 and
0.65 mg/g, respectively (Figure 5B). CC3W-ZY had the highest levels of TP and FV, while
moderate levels of both TP and FV were observed in CC6WR-ZY.

Figure 5. Metabolite content. (A) Soluble sugar content. (B) Total flavonoids and phenol content. The
error bars show ± SE of at least three biological replicates, and significant difference at p < 0.05 is
indicated by different lowercase letters based on LSD test.

Since the degradation of amyloplasts not only has an impact on sugar content, but
is also associated with regeneration capacity [60], we investigated the cellular morphol-
ogy of the cotyledon-derived callus at different stages. CC3W-ZY and CC6WR-ZY were
yellow- and milky white-colored, respectively, while CC5Y-ZY had a glittering translucent
appearance and was fragile (Figure 6A). Transmission electron microscopy results showed
that CC3W-ZY cells had the smallest size and the largest number of amyloplasts, with
abundant substances in the intercellular space (Figure 6B). CC6WR-ZY cells had a moderate
size, fewer amyloplasts, and abundant phenolic compounds, with a moderate number
of substances in the intercellular space. CC5Y-ZY cells were seriously vacuolated and
contained many electron-dense inclusions, with no substances in the intercellular space.
Notably, CC5Y-ZY cells had the largest number of mitochondria and an appearance of
rough endoplasmic reticulum, suggesting an activation of cell metabolism and division.
However, CC5Y-ZY cells lacked amyloplasts and obvious nuclei and nucleoli. These results
suggested that the change in soluble sugars in the cotyledon-derived callus during the
culture process is likely associated with the degradation of amyloplasts.

In addition, SEM analysis showed that CC3W-ZY was composed of plump round cells,
while CC6WR-ZY cells had a columnar shape and loose structure (Figure 6C). CC5Y-ZY
cells were irregular, elongated, and spiral-shaped. Both CC3W-ZY and CC6WR-ZY cells
were tightly linked to each other with small intercellular spaces, but the reverse trend was
observed in CC5Y-ZY cells. Altogether, these results suggest that the callus had undergone
a significant change in cellular morphology during the culture process, and irregular
morphology may be partially responsible for loss of regeneration capacity.
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Figure 6. Morphology of CC3W-ZY, CC6WR-ZY, and CC5Y-ZY. (A) Appearance of ZYT cotyledon-
derived callus culture in CIM at 3 weeks (CC3W-ZY), 6 weeks (CC6WR-ZY), and 5 years (CC5Y-ZY),
respectively. (Bar = 1cm). (B) TEM images of three types of callus; magnification of the rectangle
from subfigure (B) shows that cell ultra-structures are different. (C) SEM images of three callus types.
Magnification of the rectangle from subfigure (C) shows that cell surfaces are different. Abbrevia-
tions: cell wall (CW), endoplasmic reticulum (ER), nucleus (N), nucleolus (Nu), mitochondria (Mt),
phenolics (pl), vacuoles (v), amyloplasts (am), electron-dense inclusions (black arrows), intercellular
space (is).

4. Discussion

4.1. Induction of Callus from Cotyledon and Its Root Regeneration in Peach trees

Callus can be rapidly propagated without the limitations of time and space and is thus
considered one of the most important materials in verifying gene function [61]. Since callus
induction is regarded as the critical stage for plantlet regeneration, callus induction rate
is regarded as a critical index of regeneration ability [62]. As mentioned, callus has been
successfully induced from leaf and stem explants in peach trees [30–32]; however, little is
known about the influence of genotype on callus induction. In this project, we report the
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first large-scale investigation of CIR in peach trees. Our results showed that callus induction
rate is genotype-dependent in peach trees, which is consistent with previous reports in
cotton [63], sugarcane [64], sunflowers [65], and roses [66]. Notably, late-maturing cultivars
had a higher callus induction rate (>70%), while the majority of early maturing cultivars
showed no ability to induce callus from cotyledon explants. Callus tested in this study was
induced via cotyledon, which is a vital part of the seed. The physiological state of seeds
affects the growth of cotyledons and ultimately the formation of callus. The seeds of early
maturing cultivars were shrunken, while the seeds of late-maturing cultivars were plump.
The cotyledons of the shrunken seeds were thin, semi-transparent, and irregular, which
are the manifestations of incomplete development, while the plump seeds had fleshy and
milky white-colored cotyledons with an oval shape. Thus, the low callus induction rate
of early maturing cultivars is likely attributable to incomplete seed development. These
results are consistent with a previous report that the physiological state of explants has an
important function in callus induction [67].

Moreover, our results showed that genotypes with higher CIR had a tendency to
develop adventitious roots during callus induction. Overall, callus induction rate was
positively correlated with adventitious root regeneration ability among the tested peach
cultivars. In Arabidopsis, the induction of gene correlation with the formation of lateral
root primordium displays an important effect in callus induction [68,69]. Therefore, it
seems that genes such as PpLRP1 and PpLBD16/29, both involved in the formation of lateral
root primordium, may have critical roles in callus induction in peach trees. It is worth
noting that two peach cultivars, ZYT and XJT, had high callus induction rates and root
regeneration ability. These two cultivars may be ideal genotypes for the construction of the
peach regeneration system in the future.

4.2. PpLBD1 Is Likely Involved in Callus Adventitious Rooting in Peach Trees

Callus cells have high plasticity when differentiating into adventitious shoot and
root via direct somatic embryogenesis (SE) [6]. Previous studies have indicated that
callus is induced via the LR development route [68,70]. The newly formed callus cells
resemble root primordium-like cells that have potential adventitious root regeneration
ability. Here, the five-year-old subcultured callus lost the potential to regenerate roots.
Transcriptome comparison of the five-year-old subcultured callus with the newly formed
callus revealed six candidate genes involved in callus adventitious rooting. These include
an LBD family TF PpLBD1, which exhibited a high expression in the newly formed callus
but was undetected in the five-year-old subcultured callus. Validation in different cultivars
showed that PpLBD1 might positively regulate the rooting of peach callus. Conversely, in
this study, PpLBD16 and PpLBD29 showed a high expression in five-year-old subcultured
callus, but a weak expression in the newly formed callus. The LBD1 gene has been proven
to control the development and architecture of lateral roots in Medicago truncatula and
to regulate of secondary growth in Populus [71,72]. In Arabidopsis, LBD16/29 can form a
complex with AtbZIP59 to activate transcription of the FAD-BD gene, thereby promoting
the formation of callus [73]. Thus, PpLBD1 may be a good candidate gene bound up with the
regulation of callus adventitious rooting in peach trees, while PpLBD16 and PpLBD29 may
be at least partially in charge of the strong callus proliferation ability of the five-year-old
subcultured callus.

4.3. The Effect of Metabolites on Callus Adventitious Rooting in Peach

Starch is the most universal carbon form for energy substrate, and starch granules
in callus serve as an energy source for the regeneration procedure [74–76]. In this study,
starch granules were abundant in the newly formed callus with root regeneration ability,
while the five-year-old subcultured callus contained few starch granules. This suggests
that the deposition of starch granules is crucial for root regeneration from callus. Granule-
bound starch synthase 1 (GBSS1) catalyzes one of the enzymatic steps of starch synthesis.
PpGBSS1 (Prupe.5G132800) exhibited a highly expression in the newly formed callus, but
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was weakly expressed in the five-year-old subcultured callus. Thus, activation of GBSS1 is
likely required for root regeneration from callus.

In addition to starch granules, flavonoid content showed a significant difference be-
tween the newly formed callus and the five-year-old subcultured callus. The regulatory
roles of flavonoids in adventitious rooting of stem cuttings are different between plant
species. For example, in cherry and chestnut, flavonoid accumulation inhibits AR regenera-
tion in stem cuttings [77,78]. However, flavonoid biosynthesis has a positive effect on AR
formation of stem cuttings in olive [79]. In Chamaelaucium uncinatum, flavonoids negatively
and positively regulate the formation of ARs from hardwood and softwood cuttings, re-
spectively [80]. In this study, the flavonoid content in the five-year-old subcultured callus
was significantly lower than in the newly formed callus, suggesting that flavonoid accumu-
lation might have a positive regulatory role in root regeneration from callus. Among the
flavonoid biosynthesis genes, PpPAL (Prupe.6G235400) encoding phenylalanine ammonia
lyase (PAL) displayed a diversity in expression between the newly formed callus and the
five-year-old subcultured callus. This finding is in agreement with the previous report that
PAL is the rate-limiting enzyme of flavonoid biosynthesis [81]. Hence, changes in PpPAL
expression may cause differences in flavonoid levels and affect the formation of ARs in
peach callus.

4.4. Epigenetic Regulation in Callus Adventitious Rooting in Peach

Cell morphology changes significantly during the process of subculture, caused by the
loss of callus regeneration ability [82]. In Theobroma cacao, global DNA methylation levels
show an increase in aged somatic embryos after long-term in vitro culture, but this increase
can be inhibited via Aza treatment [83]. Thus, epigenetic regulation seems to show a crucial
role in determining callus cell morphology. In this study, the cells of five-year-old callus
exhibited irregular, elongated, and spiral-shaped morphology. Moreover, the expression
of genes involved in DNA methylation (PpCMT3 and PpMET1) and histone methylation
(PpH2A.1, PpH2AX, PpH2B, and PpH2B.3) was found to be up-regulated in the five-year-old
callus compared to the newly formed callus. This suggests that long-term subculture callus
in peach trees has a significant change in epigenetic modifications, which coincides with
a previous report that numerous of epigenetic modifications occur during the process of
callus-based regeneration in plant [84]. Change in epigenetic landscape is known to be
accompanied by transition of cell fate [85,86]. Here, our results indicate that aged callus
cells with long-term in vitro culture lost root regeneration ability. Therefore, epigenetic
regulation is likely associated with callus adventitious rooting capacity in peach trees.

5. Conclusions

In this study, a significant difference in CIR was found among peach germplasms. No-
tably, the cultivars ZYT and XJT can be recommended as ideal candidates for constructing
regeneration system in peach. Moreover, our comparative transcriptome analysis revealed
PpLBD1 as a candidate gene implicated in the AR development. Overall, the results of this
study not only provide valuable insights into the underlying mechanisms of regeneration,
but are also useful for the development of regeneration systems in peach trees.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9080850/s1, Figure S1: Expression levels of candi-
date genes associated with callus adventitious rooting in the cotyledon-derived callus. The genes
expression as determined by Qrt-PCR; Figure S2: Gene ontology (GO) enrichment; Table S1: Peach
germplasm used in this study; Table S2: Transcriptome sequencing data in Prunus persica L.; Table S3:
Transcriptome sequencing data in Prunus persica L.; Table S4 Total 2741 DEGs were divided into
up- and down-regulated according to log2FC; Table S5 Transcription factors distribution in up- and
down-regulated; Table S6 Candidate genes that may be related to adventitious roots formation of
cotyledon-derived callus in peach; Table S7 Real-time quantitative PCR primers used in this study.
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Abstract: Plant regeneration through somatic embryogenesis provides a solution for maintaining
and genetically improving crop or fruit varieties with desirable agronomic traits. For the fruit tree
pomegranate (Punica granatum L.), despite some successful applications, the existing somatic em-
bryogenesis protocols are limited by low availability of explants and susceptibility to browning.
To address these problems, in this study, we developed an effective system for induction of high-
vigor pomegranate somatic embryos derived from stem explants. The usage of stem explants breaks
through the difficulty in obtaining material, thus making our system suitable for widespread com-
mercial production. To enhance the performance of our system, we identified the optimal explants,
subculture cycles and combination of basal media and plant growth regulators for each step. The re-
sults showed that inoculating stem explants onto a Murashige and Skoog (MS) medium supplemented
with 1.0 mg/L 6-benzylaminopurine (6-BA) and 1.0 mg/L 1-naphthaleneacetic acid (NAA) achieved
the best induction rate and growth status of pomegranate calli (induction rate = ~72%), and MS
medium containing 0.5 mg/L 6-BA and 1.0 mg/L NAA was the optimal condition for the induction
of embryogenic calli and somatic embryos (induction rate = ~74% and 79%, respectively). The optimal
subculture period for embryogenic calli was found to be 30–35 days. Strong roots were then induced
in the developed somatic embryo seedlings, which survived and grew well after transplantation to
the natural environment, indicating the good vitality of the induced pomegranate somatic embryos.
Together, our system provides a solution to mass somatic embryo induction and plant regeneration of
pomegranate and lays a foundation for future genetic transformation and bioengineering improvement
of pomegranate with favorable agronomic traits.

Keywords: in vitro culture; fruit tree; callus induction; plant growth regulators; optimal culture
condition

1. Introduction

Pomegranate (Punica granatum L.) is one of the most popular fruits worldwide; it
has integrated economic, ecological, and social benefits, as well as ornamental and health
applications [1,2]. In China, the pomegranate is widely cultivated throughout Sichuan and
Yunnan in the southwest, Shanxi in the north, and Shandong and Anhui in the east [3].
However, due to limited technologies, there are many challenges in the cultivation and
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management of pomegranate trees, such as low vigor and vitality, that greatly restrict
the production of pomegranate fruits, especially for rare varieties. Importantly, some
pomegranate varieties have been found to present special characteristics, such as dwarfed
stature, white berries, or high vitamin content, which are beneficial to their yield and
quality [4]. Thus, screening and breeding varieties with favorable agronomic or economic
traits have attracted great interests from the pomegranate industry.

Plant regeneration through somatic embryogenesis provides a solution to improve
and breed desirable varieties [5]. Without fertilization, somatic embryos are generated
by dedifferentiated plant somatic cells and present a capacity to eventually develop into
complete plants [6]. Compared to zygotic embryos, somatic embryos have an edge in
high heritability from the mother plant that allows it to avoid genetic segregation during
sexual reproduction, and maintain desirable agronomic traits [7–9]. Furthermore, somatic
embryogenesis can be used for genetic transformation, for example, via Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR)-mediated genome editing, which
facilitates the genetic improvement of favorable phenotypes [10,11]. Hence, somatic em-
bryogenesis provides a valuable model for embryo cell biology and molecular biology
research [12]. Somatic embryogenesis can be carried out via direct or indirect strategies.
Under certain conditions, somatic embryos can be directly induced from explant embryo-
genesis. For the indirect strategy, a new somatic embryo can be induced from a primary
somatic embryo, either with or without a callus stage, or from an embryogenic callus [13,14].
Compared to primary somatic embryos or embryogenic calli, secondary somatic embry-
oids exhibit greater vitality and longer-lasting regeneration ability, which are better for
transformative genetic research and germplasm conservation [15]. In addition, indirect
somatic embryogenesis induction is an effective way to obtain tissue-cultured plants for
the species that are recalcitrant to somatic embryo formation. However, the induction of
somatic embryogenesis is quite complex; thus, there are many factors, such as the genetic
background and DNA methylation level of the mother plant, the type of explant, and the
level of plant growth regulators during induction and culture, that affect the success rate of
somatic embryogenesis [16,17]. Plant growth regulators play important roles in regulating
cell growth, division, and differentiation during in vitro plant tissue culture. For example,
auxin is usually used for eliciting plant rooting and vegetative propagation from stem and
leaf cuttings, and cytokinin is necessary for promoting somatic embryogenesis [18–21].
However, since plant tissues cannot produce auxin and cytokinin under in vitro culture
conditions, exogenous supplementations of auxin and cytokinin are critically required
for ensuring plant embryogenic callus induction and somatic embryogenesis [22–24]. In
pomegranate, despite some successful applications of somatic embryogenesis, its recalci-
trant nature poses challenges to the somatic embryo induction for the major reason that the
existing protocols mainly employ cotyledonary or leaf explants; however, the low avail-
ability of cotyledonary tissues limits the widespread commercial application, while the
leaf-derived materials are prone to browning, leading to tissue culture failure [25]. Thus, a
stable and high-yield somatic embryogenesis system is urgently required for pomegranate.

To address the abovementioned problem, in this study, we aim to establish an effective
somatic embryogenesis system for pomegranate using easily acquired explants. Addition-
ally, we further explored the optimal culture conditions for the induction and development
of somatic embryos to improve the efficiency of somatic embryogenesis in pomegranate.
Our system offers a solution to bridge the difficulties of mass somatic embryo induction and
plant regeneration in pomegranate and also provides a foundation for the future genetic
transformation and bioengineering improvement of pomegranate with desirable traits.

2. Materials and Methods

2.1. Cultivation of Tissue Culture Plantlets

The pomegranate plantlets for tissue culture were produced following the methods
described in Qian et al. (2022) [26]. Briefly, in the spring of 2022 in Huaiyuan, Anhui
Province, 2–3 cm shoot tips were cut off from the tender stems of thriving and disease-free
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plants of the pomegranate variety ‘White Flower Jade Seeds’. After cultivation in water
for 2–3 days, the growth points of the excised shoot tips were collected and rinsed in a
beaker with clean water for 15 min. Then, they were disinfected with 75% alcohol for 30 s,
washed with sterile water 3 times, disinfected with 0.1% HgCl2 for 8 min, and washed
with sterile water 4 times. Tissue sections of ~0.3–0.5 mm were collected from the sterilized
materials and inoculated onto a woody plant medium (WPM) supplemented with 0.8 mg/L
indole-3-butyric acid (IBA, chemical formula: C12H13NO2), 30 g/L sucrose, and 6 g/L agar.
The pH of the medium was adjusted to 6.5 with 1 M NaOH and sterilized at 120 ◦C and
105 kPa for 20 min.

2.2. Screening Optimum Combination of Media and Plant Growth Regulators for Callus Induction

The pomegranate tissue culture plantlets were then subcultured 3 times, and plantlets
with similar growth conditions were selected and cut into ~0.5–0.8 cm length stem segments
without bud points or leaves on the ultraclean workbench. The explants were inoculated
horizontally on the induction medium. Under in vitro conditions, the main factors affecting
callus formation include the types of explants, medium, and concentrations of exogenous
plant growth regulators [27]. In the current study, we tested the effects of different com-
binations of media (WPM or MS medium) and plant growth regulators (1.0 mg/L 6-BA
(C12H11N5), 1.0 mg/L NAA (C12H10O2), and 0.5 mg/L IBA) on callus induction to deter-
mine the appropriate culture conditions for inducing pomegranate callus [25]. For each
combination, 30 biological replicates were performed. The culture was maintained at a
constant temperature of 22 ± 2 ◦C and illumination intensity of 1600 xl by LED lights at
a 16/8 h light/dark cycle. After 30 days, the callus induction status was recorded, and
the callus induction rate was calculated as follows: callus induction rate = number of
calli induced from explants/number of explants inoculated × 100%. Factorial Analysis
of Variance (ANOVA) was performed to assess the statistical significance level among
6 different combinations of basal medium and plant growth regulators (see Table 1 for
details) in SPSS Statistics v. 17.0 (SPSS Inc., Chicago, IL, USA). Duncan’s Multiple Range
test (DMRT) was then conducted to measure the specific difference between each pair of
culture conditions.

Table 1. Induction rate and growth status of calli induced by different combinations of media and
plant growth regulators.

Medium Basal Medium
Plant Growth Regulators (mg/L) Callus Induction

Percentage (%) Callus Growth Status
6-BA NAA IBA

A1 WPM 1.0 1.0 0.0 67.78 ± 6.94 b Milky white, not dense
A2 WPM 1.0 0.0 0.5 81.11 ± 5.09 a Light brown, dense
A3 WPM 0.0 1.0 0.5 65.56 ± 3.85 b Grayish white, not dense
A4 MS 1.0 1.0 0.0 72.22 ± 5.09 ab Light yellow, slightly dense
A5 MS 1.0 0.0 0.5 66.67 ± 3.33 b White, dense
A6 MS 0.0 1.0 0.5 68.89 ± 6.94 b Milky white, not dense

Notes: Different lowercase letters upward indicate statistically significant differences at p < 0.05 level of Duncan’s
Multiple Range test.

2.3. Screening Optimum Concentrations of Plant Growth Regulators for Embryogenic
Callus Induction

Pomegranate embryogenic calli were then induced using the calli we obtained from
the last step. In general, one key step for embryogenic callus induction is to screen suitable
culture conditions, particularly the concentration of exogenous plant growth regulators.
Here, we used MS medium as the basal medium and supplemented it with 6-BA and
NAA at different concentrations (0.5, 1.0, and 1.5 mg/L for both types of plant growth
regulators) to obtain the optimum combination of plant growth regulators for pomegranate
embryogenic callus induction. Each combination was examined with 30 biological repli-
cates. After culturing for 30 days, the growth state of the embryogenic calli was recorded
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and photographed using a Leica M205 (Leica Microsystems Inc., Buffalo Grove, IL, USA),
and the induction rate of embryogenic calli was measured as follows: embryogenic callus
induction rate = number of embryogenic calli induced from explants/number of inocu-
lated explants × 100%. Statistical differences among 9 combinations of different 6-BA and
NAA concentrations (detailed in Table 2) were measured by two-way ANOVA using SPSS
software. Multiple comparison procedure was performed by the post hoc DMRT.

Table 2. Induction rate and growth status of embryogenic calli induced by the media with different
types and concentrations of plant growth regulators.

Medium
Plant Growth Regulator (mg/L) Embryogenic Callus

Induction Rate (%)
Callus Growth State

6-BA NAA

B1 0.5 0.5 14.44 ± 1.92 e First yellow, slowly brown, grew slowly, not dense
B2 0.5 1.0 74.44 ± 5.09 a Light yellow to light green, grew fast, not dense
B3 0.5 1.5 0 ± 0 f Brown, did not grow well

B4 1.0 0.5 35.56 ± 5.09 c Light yellow, partially brown, modest growth,
modestly dense

B5 1.0 1.0 61.11 ± 8.39 b White, first grew fast and then grew slowly, dense
B6 1.0 1.5 25.56 ± 5.09 d Yellow, slow grew, not dense
B7 1.5 0.5 7.78 ± 1.92 ef White, grew slowly, dense
B8 1.5 1.0 43.33 ± 6.67 c Milky white, grew modestly, not dense
B9 1.5 1.5 2.22 ± 3.85 f First white, slowly brown, almost did not grow

Notes: Different lowercase letters upward indicate statistically significant differences at p < 0.05 level of Duncan’s
Multiple Range test.

2.4. Evaluation of Different Explants on Embryogenic Callus Induction

We further compared the performance of using stem segments and hypocotyls as ex-
plants on embryogenic callus induction. The hypocotyls were from pomegranate seedlings
that germinated and grew for 7 days. All the explants were inoculated onto MS medium
supplemented with 1.0 mg/L NAA and 0.5 mg/L 6-BA, according to the screening results
(detailed in Section 3.2). For each type of explant, the experiments were repeated 105 times,
with explants inoculated on 15 Petri dishes and each dish containing 7 replicates. The
embryogenic callus induction rate was then calculated by the equation described above.
The difference in induction of embryogenic calli between the two types of explants was
evaluated by one-way ANOVA in SPSS software.

2.5. Evaluation of Different Subculture Cycles on Proliferation of Embryogenic Calli

We also examined the impacts of the different subculture cycles on the proliferation
of embryogenic calli. Well-grown embryogenic calli were selected and inoculated on MS
medium with 0.5 mg/L 6-BA and 1.0 mg/L NAA to produce new embryogenic calli. The
embryogenic calli were weighed immediately after inoculation to serve as the fresh weight
of the initial calli and were then weighed and recorded every 2 days until the fresh weight
no longer increased. Origin 2021 (OriginLab Corp., Northampton, MA, USA) was used to
fit the growth curve.

2.6. Screening Optimum Concentrations of Plant Growth Regulators for Somatic Embryogenesis

The embryogenic calli of good growth status were transferred to the culture medium
for somatic embryo induction. Similar to embryogenic calli, the induction of somatic
embryos is also sensitive to the concentrations of plant growth regulators in the medium.
Thus, in this study, we tested the impacts of different 6-BA and NAA concentrations on
somatic embryogenesis. Specifically, the MS medium was supplemented with 0.1, 0.5,
and 1.0 mg/L 6-BA and NAA, and the embryogenic calli were then inoculated. Each
culture condition was examined with 75 biological replicates. The growth status of the
somatic embryos was recorded and photographed using a Leica M205. The somatic embryo
induction rate was computed after 35 days of growth with the following formula: somatic
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embryo induction rate = number of somatic embryos induced from calli/number of calli
inoculated × 100%. Two-way ANOVA was implemented to quantify the statistically
significant level among the nine combinations of different 6-BA and NAA concentrations
(detailed in Table 3), and DMRT was employed to measure the pairwise differences between
culture conditions.

Table 3. Induction rate and growth status of somatic embryos induced by the media with different
concentrations of plant growth regulators.

Medium
Plant Growth Regulators (mg/L) Somatic Embryo Induction

Percentage (%)
Number of Somatic Embryoids

Formed from One Callus Explant6-BA NAA

C1 0.1 0.1 0 ± 0 e 0 ± 0 e

C2 0.1 0.5 9.33 ± 2.31 e 1.17 ± 0.29 d

C3 0.1 1.0 9.33 ± 4.62 e 1.67 ± 0.33 c

C4 0.5 0.1 20.00 ± 4.00 d 1.85 ± 0.13 c

C5 0.5 0.5 78.67 ± 6.11 a 2.83 ± 0.15 a

C6 0.5 1.0 57.33 ± 6.11 b 2.26 ± 0.41 b

C7 1.0 0.1 22.67 ± 4.62 d 1.74 ± 0.05 c

C8 1.0 0.5 50.67 ± 6.11 b 1.80 ± 0.17 c

C9 1.0 1.0 40.00 ± 10.58 c 1.45 ± 0.17 cd

Notes: Different lowercase letters upward indicate statistically significant differences at p < 0.05 level of Duncan’s
Multiple Range test.

2.7. Rooting and Regeneration of Somatic Embryo Seedlings

The somatic embryo plantlets were inoculated on WPM supplemented with 0.6 mg/L
IBA, 5.5 g/L agar, and 25 g/L sucrose (rooting medium) for rooting and growth. The
somatic embryo seedlings were washed and transplanted onto the seedling medium in a
6.5 × 6.5 cm nutrient bowl for cultivation. The seedling medium was a mixture of nutritive
soil and vermiculite in a ratio of 1:1. Before use, the seedling medium was disinfected at a
high temperature and was sprayed with 50 mL 0.8 mg/L IBA. After the transplantation,
the nutrient bowl was covered by plastic film, and the medium was sprayed with water
every morning and evening to keep the substrate moist. Air humidity was kept above
50%. Every 5 days, the seedings were sprayed with Hoagland’s nutrient solution until they
were viable (~25 days). After taking roots in the medium, the somatic embryo seedlings
were washed and transplanted onto the seedling medium in a 6.5 × 6.5 cm nutrient bowl
for cultivation. The seedling medium was a mixture of nutritive soil and vermiculite in a
ratio of 1:1. Before use, the seedling medium was disinfected at a high temperature, and
was sprayed with 50 mL 0.8 mg/L IBA. After the transplantation, the nutrient bowl was
covered by plastic films, and the medium was sprayed with water every morning and
evening to keep the substrate moist. Air humidity was kept above 50%. EFor every 5
days, the seedings were was sprayed with Hoagland’s nutrient solution until they were
viable (~25 days). After that, the root-bearing seedlings were transplanted to the natural
environment, and their growth status was recorded.

3. Results

3.1. Effects of Different Combinations of Media and Plant Growth Regulators on Callus Induction

Table 1 shows the induction percentage and growth status of calli formed from
pomegranate stem segments growing under different combinations of media and plant
growth regulators. For all the growth scenarios, more than 60% of the explants were
successfully induced into calli. The explants grown on WPM supplemented with 6-BA
and IBA (medium A2) exhibited the highest induction percentage of calli (81.11 ± 5.09%),
which was significantly higher than that in other scenarios (p < 0.05). However, on this
medium, the calli were light brown and dense and were prone to browning and necrosis
over time. In contrast, the calli on the WPM with IBA and NAA (medium A3) and on the
MS medium with IBA and NAA (medium A6) exhibited the best growth status in that
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they were mostly gray-white and not dense but had a relatively low induction rate. Taken
together, these results suggested that MS medium supplemented with 1.0 mg/L 6-BA and
1.0 mg/L NAA (medium A4) was the optimal culture condition for callus induction from
stem explants and was, therefore, used for subsequent experiments.

3.2. Effects of Different Concentrations of Plant Growth Regulators on Embryogenic
Callus Induction

We then tested the impacts of different 6-BA and NAA concentrations on embryo-
genic callus induction and found that both the induction rate and growth status of
embryogenic calli were sensitive to changes in the concentrations of both plant growth
regulators (Figure 1; Table 2). Either too high or too low a concentration of NAA in the
medium led to a dramatic decrease in the induction rate. On the medium with 1.5 mg/L
NAA (media B3, B6 and B9), less than 30% of the explants were induced into embryogenic
calli, and they were yellow to brown and did not grow well. In contrast, the medium
with 0.5 or 1 mg/L 6-BA was more conducive to the induction of pomegranate embryo-
genic calli than that with 1.5 mg/L 6-BA. Among the nine combinations, the medium
supplemented with 0.5 mg/L 6-BA and 1 mg/L NAA (B2) was most suitable for the
induction of pomegranate embryogenic calli, where the induction rate (74.44 ± 5.09%)
was significantly higher than all the other culture conditions (p < 0.05), and the pro-
duced embryogenic calli were light yellow to light green, fast-growing and not dense
(Figures 1 and 2; Table 2). Thus, this medium was used for inducing embryogenic calli
from pomegranate stem segments.

Figure 1. Pomegranate embryogenic callus induced by the media with different concentrations of
plant growth regulators.

3.3. Effect of Different Explants on Embryogenic Callus Induction

We also examined the performance of different explants on embryogenic callus in-
duction. When using hypocotyl explants, 72.38 ± 4.36% of the inoculated explants were
successfully induced into embryogenic calli. However, after 37 days of culture, the growth
of induced calli slowed and some calli began to turn brown and necrose (Figure 3A). In con-
trast, the induction using stem segments performed better than that using hypocotyls, with
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a significantly higher induction rate of embryogenic calli (80.00 ± 4.95%; p < 0.05). In addi-
tion, no obvious stagnation was observed in their growth rate on the 35th day (Figure 3B);
thus, stem segments were more suitable than hypocotyl explants for pomegranate so-
matic embryogenesis.

Figure 2. Pomegranate embryogenic calli induced using medium B2 (see Table 2 for details). Red
arrow points to a magnified shot of the induced embryogenic calli.

Figure 3. Pomegranate embryogenic calli induced by hypocotyl (A) and stem explants (B).
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3.4. Effect of Subculture Cycle on Embryogenic Callus Proliferation

The obtained well-grown embryogenic calli were transferred to fresh B2 medium to
maintain embryogenicity and proliferation. Then, we drew the growth curve according to
the measurement data from the fresh weight of the embryogenic calli (Figure 4). The growth
curve showed that the fresh weight of the embryogenic calli continuously increased over
time. The callus proliferation rate increased after 15 days of inoculation and entered the
rapid growth period at the 20th to 30th days. During this period, the color of the calli was
light green. After 30 days, the growth rate began to slow down, and the tissue gradually
degenerated, the color gradually turned yellow, and the granular texture softened. From the
40th to 55th days, almost all calli died of browning. Therefore, a suitable subculture cycle
for embryogenic calli was determined to be 30–35 days to effectively maintain callus quality.

Figure 4. Growth curve of pomegranate embryonic calli.

3.5. Effects of Different Concentrations of 6-BA and NAA on Somatic Embryo Induction

In addition to embryogenic calli, 6-BA and NAA concentrations in the MS medium
were also found to substantially affect the induction of somatic embryos. Among all the
tested culture conditions, only C5, C6, and C8 exhibited somatic embryo induction rates
higher than 50% (Table 3). Of them, the MS medium with 0.5 mg/L 6-BA and 0.5 mg/L
NAA (medium C5) was the most suitable for somatic embryo induction, with 78.67 ± 6.11%
of the calli induced into somatic embryos after being inoculated for 25 days, which was a
significantly higher rate than in the others (p < 0.05). Meanwhile, granular proembryonic
masses were observed on the surface of the embryogenic calli after 50 days of culture
(Figure 5B). As the culture time was extended, the embryos, in turn, appeared globular
and heart-shaped/torpedo-shaped in form (Figure 5C–E), and eventually developed into
cotyledon embryos by approximately 50 days (Figure 5F). Under the stereomicroscope,
we observed plumules at one end of the cotyledon embryos and the radicles at the other
end that were connected to the callus (Figure 6). In addition, we also observed the ap-
parent structure of the vascular bundle in the cotyledon, which was independent of the
embryogenic calli.
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Figure 5. Embryogenic calli and different somatic embryo stages of pomegranate. (A) Calli induced
by stem explants. (B) Embryogenic calli (C) Globular embryo. (D) Extended globular embryo.
(E) Heart-shaped/torpedo-shaped embryo. (F) Cotyledon embryo. In each of the panel (B–F), the
induced somatic embryos was marked by red arrow.

3.6. Rooting and Regeneration of Somatic Embryo Seedlings

The embryogenic calli were inoculated on the medium C5 for 45 days, and the
mature somatic embryos developed complete seedlings (Figure 7A,B). The somatic em-
bryo seedlings were transferred to the natural environment to form regenerated plants
(Figure 7C,D). During this process, radicle formation is a key step that determines whether
the production of somatic embryo seedlings can be industrialized and commercialized.
On the rooting medium, all the somatic embryo seedlings grew normally and generated
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healthy roots (Figure 7C,D). Then, these root-bearing seedlings were developed into healthy
and vigorous plants in the natural environment (Figure 7E,F).

Figure 6. Schematic (A) and microscopic views (B) of pomegranate somatic embryogenesis. SE,
somatic embryo; EC, embryonic callus.

Figure 7. Somatic embryo seedlings of pomegranate. (A,B) Mature somatic embryos with buds. (C) So-
matic embryo seedlings inoculated onto rooting medium. (D) Roots of somatic embryo seedlings in
culture medium. (E,F) Somatic embryo seedlings after seedling refinement and transplantation.
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4. Discussion

Somatic embryogenesis faces many difficulties and problems in woody plants that are
not encountered with herbaceous plants. In this study, we first established a protocol for the
effective induction of somatic embryogenesis in pomegranate using stem explants. In this
system, we employed an indirect organogenesis strategy for somatic embryogenesis induc-
tion, that involved first generating embryogenic calli from dedifferentiated pomegranate
explant cells as an intermediate stage and then inducing somatic embryos from the pro-
duced calli. The results showed that with our system, we successfully induced pomegranate
embryogenic calli from stem segments (Figures 2 and 3). Under the optimal combination
of plant growth regulators, the granular proembryo mass, as well as somatic embryos at
various stages, was then elicited at the surface of the calli, and the mature cotyledonary
somatic embryos could develop into healthy somatic seedlings (Figures 5 and 7). After the
somatic embryo seedlings were transferred to the rooting medium, all the pomegranate
seedlings developed healthy roots within 20 days, indicating their good rooting ability
both in vivo and in vitro (Figure 7).

During this process, obtaining high-quality embryogenic calli is a vital step [12]. Here,
we first explored the effects of different combinations of two types of media, WPM and
MS, and three types of plant growth regulators on pomegranate callus induction. The
results showed that the induction rate of calli when using MS medium was higher than
that when using WPM. This may be because of their differences in the composition of
nutrients and elements [28]. In addition to the basal medium, plant growth regulators also
play a critical role in regulating plant somatic embryogenesis. For pomegranate, exoge-
nous auxin and cytokinin are generally supplemented to the culture medium to improve
embryogenesis induction and shoot proliferation [25,29,30]. In this study, we assessed the
performance of the combination of different types of plant growth regulators 6-BA, NAA,
and IBA in pomegranate somatic embryogenesis and showed that supplementing the MS
medium with 6-BA and NAA achieved the best balance between callus induction rate and
growth status (Table 1). NAA is a synthetic auxin that is usually used for eliciting plant
rooting and vegetative propagation from stem and leaf cuttings [18,19], and 6-BA is a plant
growth regulator of the cytokinin family that can stimulate plant growth and development.
However, for both types of plant growth regulators, high concentrations in the medium
were found to have adverse impacts on the callus induction and growth. In our system,
the appropriate 6-BA concentration for induction of pomegranate embryogenic calli and
somatic embryos is 0.5 mg/L, and the optimum NAA concentration is 1.0 and 0.5 mg/L,
respectively, where the induction rates of embryogenic calli and somatic embryos were
~74% and 79%, respectively (Tables 2 and 3). This is because auxins at high concentrations
are toxic to plants, while a high cytokinin concentration inhibits auxin polar transport
and, thus, inhibits somatic embryogenesis [21,30,31]. However, different combinations of
plant growth regulators are required for in vitro propagation of pomegranate when using
different explants [25]. For instance, Kantharajah et al. [32] showed that MS medium supple-
mented with 1.0 mg/L 6-BA and 0.4 mg/L NAA gave rise to the best callus initiation and
growth from nodal explants, while the medium containing 1.0 mg/L 6-BA achieved the best
performance for leaf explant-derived callus culture. These results indicate that the choice
of plant growth regulators used in a nutrient medium and their ratio (auxin/cytokinin) are
largely dependent on the morphogenic potentials of the pomegranate explants employed
for in vitro culture.

In general, all types of plant tissues with strong meristematic ability can be used as ex-
plants for tissue culture, but different explants have different abilities in forming calli [33].
Jaidka and Mehra [34] demonstrated the success of using pomegranate stem explants
in inducing calli when cultured in MS medium containing 4.0 mg/L NAA, 2.0 mg/L
kinetin, and 15% coconut water, indicating the feasibility of using stem explants for
pomegranate somatic embryogenesis. In addition, Yang and Ludders [35] reported organo-
genesis in pomegranate initiated from stem explants. In the current study, we first induced
pomegranate somatic embryogenesis using stem segments as explants and showed better
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performance using stem explants than using hypocotyls in producing pomegranate calli
in terms of both induction rate and the growth status of embryogenic calli. Although
pomegranate calli and somatic embryos can also be generated using other types of explants,
such as leaf, shoot tip, nodal segment, and cotyledonary tissue, these explants exhibit
their own shortcomings: shoot tips are not able to provide enough materials, and the
materials from leaves and leafstalk are prone to browning, which leads to tissue culture
failure [25]. Comparatively, stem segments are more easily assessable, and the embryogenic
calli formed by stem segments did not show obvious browning and grew well. These
advantages make stem explants more suitable for initial culture, especially for industrial
and commercial production.

The callus subculture cycle also plays a key role in eliciting plant somatic embryos,
and an appropriate number of subculture cycles can ensure the good growth status of
embryogenic calli [36]. The pomegranate embryogenic calli inoculated for 20–30 days
entered the rapid growth period, during which the callus proliferation rate was the fastest,
and its color was brightly light green. The calli turned brown after 40 days of culture,
and almost all died after 55 days, indicating that they had lost their capacity for somatic
embryogenesis. Therefore, taking 30–35 days as the subculture cycle is more suitable for
long-term subculture of pomegranate calli and maintenance of somatic embryogenesis.

5. Conclusions

In this study, we established an effective system for somatic embryogenesis and plant
regeneration in pomegranate using stem segments as explants. In our system, the MS
medium containing 1.0 mg/L 6-BA and 1.0 mg/L NAA achieved the best performance
in pomegranate callus induction, and the MS medium with 0.5 mg/L 6-BA and 1.0 and
0.5 mg/L NAA was the optimal condition for the induction of embryogenic calli and
somatic embryos, where the induction rates of calli, embryogenic calli, and somatic embryos
were ~72%, 74%, and 79%, respectively. Good somatic embryo induction indicates the
effectiveness and stability of our system. In addition, compared to the existing systems, the
stem explant employed in our protocol is more easily acquired and suitable for widespread
commercial production. Taken together, our system overcomes the recalcitrant nature
of pomegranate and provides a solution to mass somatic embryo induction and plant
regeneration of pomegranate. With the help of this somatic embryogenesis protocol, we
aim to build a genetic transformation system for future bioengineering improvement of
pomegranate with favorable agronomic traits.
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Abstract: Transposable elements (TEs) significantly drive dynamic changes that characterize genome
evolution. However, understanding the variability associated with TE insertions among different
cultivars remains challenging. The pomegranate (Punica granatum L.) has yet to be extensively
studied regarding the roles of TEs in the diversification of cultivars. Herein, we explored the genome
distribution of TEs and its potential functional implications among four pomegranate cultivars,
‘Bhagwa’, ‘Dabenzi’, ‘Taishanhong’ and ‘Tunisia’, whose genome sequences are available. A total
of 8404 full-length TEs were isolated. The content of TEs varied among the cultivars, ranging
from 41.67% of ‘Taishanhong’ to 52.45% of ‘Bhagwa’. In all cultivars, the Gypsy superfamily of
retrotransposons accounted for a larger genome proportion than the Copia superfamily. Seventy-three
full-length TEs were found at the same genomic loci in all four cultivars. By contrast, 947, 297, 311,
and 874 TEs were found exclusively in ‘Bhagwa’, ‘Dabenzi’, ‘Taishanhong’, and ‘Tunisia’ cultivars,
respectively. Phylogenetic clustering based on the presence of TE insertions in specific loci reflected
the geographic origins of the cultivars. The insertion time profiles of LTR-REs were studied in the four
cultivars. Shared elements across the four cultivars exhibited, on average, a more ancient insertion
date than those exclusive to three, two, or one cultivars. The majority of TEs were located within
1000 bp from the nearest gene. This localization was observed for 57% of DNA TEs and 55% of
long-terminal repeat retrotransposons (LTR-RE). More than 10% of TEs resulted inserted within
genes. Concerning DNA TEs, 3.91% of insertions occurred in introns, while 2.42% occurred in exons.
As to LTR-REs, 4% of insertions occurred in exons and 1.98% in introns. Functional analysis of the
genes lying close to TEs was performed to infer if differences in TE insertion can affect the fruit
quality. Two TE insertions were found close to two genes encoding 4-coumarate--CoA ligase, an
enzyme involved in the phenylpropanoid pathway. Moreover, a TIR/Mariner element was found
within the exon of a gene encoding anthocyanidin reductase in the ‘Tunisia’ genotype, crucial in
the biosynthesis of flavan-3-ols and proanthocyanidins, strictly correlated with the nutraceutical
properties of pomegranate. Although functional and metabolomic studies are essential to elucidate
the consequences of TE insertions, these results contribute to advancing our comprehension of the
role of TEs in pomegranate genomics, providing insights for crop breeding.

Keywords: Punica granatum L.; transposable element insertions; DNA transposons; retrotransposons;
genome evolution

1. Introduction

The pomegranate stands out as an economically important tree species due to the
nutraceutical attributes of its fruits and finds widespread consumption in various forms,
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including as fresh fruit, juice, wine, and medicinal products [1,2]. Globally, it is cultivated
across approximately 0.55 million hectares, yielding a total production of about 6.5 million
tonnes, and it is considered an important crop in semi-arid tropical areas [3]. Pomegranate
has a short history of extensive breeding and artificial selection, generally followed by
vegetative propagation [4], with well-defined and maintained cultivars. The genome is
relatively small (328 Mb), and currently, high-quality genomes of four cultivars of different
origins have been sequenced at the chromosome or scaffold level.

The first pomegranate genome assembly for the Chinese cultivar ‘Dabenzi’, based
on short-read sequencing, was released by Qin [5]. This assembly unveiled a whole-
genome duplication event specific to the Myrtales lineage, which occurred in the common
ancestor before the pomegranate and eucalyptus diverged. Subsequently, Yuan [6] released
the genome of the Chinese cultivar ‘Taishanhong’, resolving the previously disputed
taxonomic classification of the Punica genus and reclassifying it within the Lythraceae
family. In 2020, Luo [4] published a high-quality draft genome sequence (based on long-
read sequencing) for the soft-seeded ‘Tunisia’ cultivar. They also performed resequencing
of 26 genetically diverse pomegranate varieties, varying in terms of seed hardness and
geographical distribution, to elucidate the genetic distinctions between soft-seeded and
hard-seeded cultivars. Finally, in 2022, the genome of the most diffused Indian cultivar,
‘Bhagawa’, was sequenced and assembled [7], which showed high syntenic relationships
between ‘Bhagawa’ and ‘Dabenzi’.

Genome sequences allowed to clarify many aspects of pomegranate metabolism and
development. Putative genes involved in anthocyanin and punicalagin (ellagitannins
unique to pomegranate) metabolism were identified [5]. They reported that the INNER NO
OUTER (INO) gene was under positive selection and likely played a role in developing the
fleshy outer layer of the seed coat, the edible part of the pomegranate fruit. Yuan [6] used
the genome sequence to clarify ellagitannin-based compound biosynthesis, the evolution
of the anthocyanin biosynthetic pathway, and the peculiar ovule development processes in
pomegranates. Luo [4] identified loci encoding SUC8-like and SUC6, involved in sucrose
allocation, transport, and seed hardness. Sowjanya [7] identified important genes for
resistance/susceptibility to major diseases and pests, such as bacterial blight, Ceratocystis
wilt, and fruit-sucking moths. Despite these advances, there is still an important lack
of information concerning an essential fraction of the genome—the one constituted by
repeated sequences. Pomegranate transposable elements (TEs) remain only partially charac-
terized, presenting an intriguing area for further exploration, also concerning intraspecific
variability.

TEs are DNA sequences capable of autonomously moving within the genome through
specific transposition mechanisms. TEs are classified into two principal classes: retro-
transposons (REs), or Class I TEs, and DNA TEs, also known as Class II TEs. Both these
classes comprise autonomous and non-autonomous elements, depending on the presence
or absence of specific open reading frames encoding transposon-related proteins. DNA
TEs use a “cut-and-paste” mechanism for transposition, while REs use a “copy-and-paste”
replication mechanism that necessitates an intermediate RNA molecule [8] and implies the
proliferation of the element.

It is widely acknowledged that TEs constitute the majority of plant genomes. For
instance, the sunflower genome (Helianthus annuus) is composed of over 81% TEs [9], bread
wheat (Triticum aestivum) exhibits TEs for over 85% of its genome [10] and, similarly, around
85% of the maize genome (Zea mays) is composed of TEs [11].

In plants, the most abundant TEs are REs, especially those characterized by long-
terminal repeat (LTR) sequences. The two flanking LTRs vary in size from a few hundred
base pairs to over 10 kb, and complete autonomous elements include coding segments
with two open reading frames (ORFs) for element replication and integration within the
host genome. The two ORFs consist of “gag”, which encodes a virus-like particle structural
protein, and “pol”, which encodes a polyprotein with protease, reverse transcriptase,
RNaseH, and integrase enzyme domains [12]. LTR-REs of higher plants are separated
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into the Copia and Gypsy superfamilies, differing in the position of the integrase domain
within the polyprotein [13]. The two major superfamilies are further categorized into
distinct evolutionary lineages, primarily based on the sequence similarities within their
coding regions. Notably, in most plant species among Gypsy REs, the Chromovirus lineage is
prevalent, including Galadriel, Tekay, Reina, and CRM sublineages, which are characterized
by a chromodomain at the 3′ end of the coding sequence. In particular, Chromovirus/CRM
elements are mainly located in the centromeres and in the pericentromeric regions, where
they probably play a structural role [14–17] participating in plant centromere evolution [18].
Conversely, the non-Chromovirus Gypsy lineages, including Athila, Tat, Ogre, and Retand
sublineages, lack the chromodomain. As for Copia REs, they encompass key lineages like
Ale, Ivana, Ikeros, Tork, Alesia, Angela, Bianca, SIRE, and TAR [17].

As for DNA TEs, these sequences consist of a transposase gene flanked by two ter-
minal inverted repeats (TIRs). DNA TEs are classified into different families depending
on their coding sequence, TIRs, and/or TSDs. Some of the best-known subclass I fam-
ilies include Tc1/mariner, PIF/Harbinger, hAT, Mutator, Merlin, Transib, P, piggyBac, and
CACTA [19]. Helitron and Maverick TEs belong to subclass II, as they use a different trans-
position and insertion mechanism [19–22]. Among the non-autonomous DNA TEs, the
miniature inverted-repeat transposable elements (MITEs) are the most common in many
eukaryotes, especially in plants [23].

TEs can rapidly increase in number, driving their proliferation. Conversely, the TE
component of a genome can also reduce its abundance through mechanisms like unequal
homologous and illegitimate recombination that produces the so-called “solo-LTRs” [24–26].

The activity of TEs can lead to a broad spectrum of alterations of genome structure,
gene expression, and functionality [27]. These alterations can have detrimental, neutral,
or even advantageous effects to the host [28]. For instance, TEs can promote chromosome
rearrangements by facilitating unequal homologous recombination between sites located
at a distance from each other, either within the same chromosome or across different
chromosomes [29] leading to gene deletion, translocation, and inversion. TEs can also
participate in the formation of novel regulatory networks and the creation of new genes
through processes like exon shuffling and the mechanism of exaptation [20,30].

Even more significantly, TEs can be inserted within or in proximity to a gene. The in-
sertion within the coding region of a gene can modify gene functionality or give rise to new
splicing patterns, resulting in mutations and alterations in the encoded protein [22,31,32].
It is also well-documented that TEs are often situated within less than 2 kb either upstream
or downstream from the genes themselves [33]. These modifications can lead to putative
phenotypic variations, as observed in sunflowers [9], orange tree [34], and four cucurbit
species [35]. Particularly, TE integration into regulatory regions, influencing promoter
functionality and cis-regulatory mechanisms, can result in abnormal gene expression, even
in response to different stimuli [36–39]. In certain grape varieties, the loss of pigmentation
can be attributed to the insertion of a RE into the promoter region of a MYB transcription
factor gene [40]. Similarly, the insertion of a RE into the upstream promoter region of the
apple MdMYB1-1 gene is associated with the red fruit skin phenotype [41].

This work aimed to characterize the repetitive component of the pomegranate genome,
making a comparative analysis of the abundance and evolutionary dynamics of TEs in
the four sequenced genomes. Moreover, the insertion of TEs in proximity or within genes
was also assessed at a genome-wide level in the four cultivars to hypothesize the possible
functional implications of TE activity in P. granatum genetic diversity.

2. Materials and Methods

2.1. Collection of Sequence Data for the Four Pomegranate Cultivars

The collection of four genome assemblies belonging to different P. granatum L. cultivars
were downloaded from the National Center for Biotechnology Information (NCBI, https://
www.ncbi.nlm.nih.gov/datasets/genome; accessed on 3 July 2023). The cultivar ‘Dabenzi’
(Bioproject PRJNA360679), ‘Taishanhong’ (Bioproject PRJNA355913), ‘Tunisia’ (Bioproject
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PRJNA565884), and ‘Bhagwa’ (Bioproject PRJNA445950) were used for all the subsequent
analyses [4–7].

2.2. Collection and Abundance Estimation of Full-Length Transposable Elements

The four pomegranate genomes were scanned for Class I and II TEs using EDTA
v1.9.3 [42]. EDTA implementing a combination of LTR_FINDER v1.06 [43], LTRharvest
v1.5.10 [44], and LTR_retriever v2.5 [45] was used for the search of LTR-REs. Generic
Repeat Finder v1.0.2 [46] and TIR-Learner v1.18 [47] were used for the identification
of DNA MITE and TIR elements, respectively. HelitronScanner v1.1 [48] was used for
searching the Helitron elements. All the program parameters were automatically set, as
reported in the default pipeline [42], and only full-length TEs were retained for analysis.
For the lineage-level classification of LTR-REs, the elements were subjected to domain-
based annotation using DANTE v1.1.8, accessible on the RepeatExplorer2 Galaxy-based
website (https://repeatexplorer-elixir.cerit-sc.cz/galaxy/; accessed on 17 July 2023). The
annotation was carried out with default settings, using the REXdb database of transposable
element protein domains [17] and applying a BLOSUM80 scoring matrix. Protein matches
were subsequently filtered based on their significance, following the parameters provided
by the platform. For abundance estimation, the libraries of LTR-REs, MITEs, TIRs, and
Helitrons obtained using EDTA were merged and used to mask the whole four genomes
using RepeatMasker v4.1.5 [49] with the following parameters: -no_is, -nolow, -X.

2.3. Identification of Shared Transposable Element Insertion Sites and Phylogenetic Analysis

To determine the position of the full-length TEs across the four genome assemblies, i.e.,
to identify TEs inserted at genomic loci that are common or not across the four cultivars,
we exploited the flanking regions of the elements themselves. All the previously obtained
libraries of full-length LTR-REs, MITEs, TIRs, and Helitrons were used for this analysis.
Each element was extracted from the corresponding genome assembly with 1000 bp ex-
tended downstream and upstream. This procedure was carried out using the “getfasta”
function within BEDTools v2.30.0 [50]. Subsequently, all the extended TEs were subjected
to clustering using CD-HIT v4.7 with the “s” parameter set to 0.9 [51]. Full-length elements
at the same locus in all four genome assemblies were grouped into a single cluster, resulting
in a cluster with four elements. For instances where an element occurred at the same locus
in three out of four genome assemblies, these were grouped into a single cluster, and so
forth. Elements exclusive to a single genome were isolated into separate clusters, each with
one element. Ambiguous clusters were manually curated.

Data on the presence/absence of TEs were used to evaluate the phylogenetic rela-
tionships among the four pomegranate cultivars. These data were transformed into a
matrix dataset and utilized to conduct a hierarchical clustering analysis using the UPGMA
method. The analysis was executed with the R package “pvclust” v2.2-0, supported by
10,000 bootstrap replications [52]. A graphical representation of the data was produced
using the “ggplot2” R package v3.4.1 [53].

2.4. Localization of Shared Transposable Element Insertion Sites in Genes or Their Proximity

To determine the positional relationship between TEs and protein-coding genes across
the four genome assemblies, we extracted 1000 bp upstream and downstream of each
full-length TE inserted using BEDTools. The extracted sequences were joined and aligned
on the ‘Tunisia’ transcriptome using BLAST tool v2.6.0+ by a blastn search [54], enabling
us to identify TE insertion sites compared to genes. If the entire joined sequence aligned
to a transcript, indicated a TE inserted into exon. Conversely: (i) if one end of the joined
sequence aligned to the transcript indicated the TE position within an intron or in an
intergenic region; (ii) if both ends of the joined sequence aligned to the transcript, yet with
a non-overlapping internal portion, indicated TE positioning within an intron. Lastly, we
identified TEs in proximity to genes by comparing genome coordinates of protein-coding
genes with those of TEs in all four genome assemblies, within a maximum distance of
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1000 bp upstream or downstream of the genes using BEDTools “intersect” function. We
conducted a 2-way ANOVA to assess the primary sources of data variation attributed to
both cultivars and TE insertions. The statistical analysis was carried out with GraphPad
PRISM v9.0.0 (GraphPad Software, Inc., La Jolla, CA, USA).

2.5. Profiling the Insertion Time of Full-Length LTR-Retrotransposons

The insertion time of different LTR-RE lineages was assessed by computing the dis-
tributions of pairwise divergence comparisons of the 5′- and 3′-LTRs. LTR pairwise align-
ments were calculated using the “stretcher” tool of the EMBOSS v6.6.0.0 suite, applying
the Kimura two-parameter model of sequence evolution [55]. Distance matrices were
generated using the “distmat” tool within the same suite [56]. To estimate the insertion
times of lineages with at least ten full-length LTR-REs in the four genome assemblies, a
mutation rate of 4.72 × 10−9, i.e., two-fold the rate calculated for synonymous substitutions
in gene sequences in Populus trichocarpa [57] was used. This adjustment accounts for the
fact that LTR-REs accumulate mutations at twice the rate of gene sequences [58]. Peaks in
frequency distribution were interpreted as transposition burst events, where lower diver-
gence values suggested recent proliferation [59]. Insertion times of LTR-REs among the four
pomegranate genotypes and their genomic locations were tested with ANOVA, followed
by post-hoc analyses using Tukey’s method. Outlier values were automatically removed
from analysis by the software, while separate tests were performed for the Gypsy and Copia
superfamilies. Finally, Statistical analysis was carried out using GraphPad PRISM, with a
graphical representation of the data generated by “ggplot2” R package.

2.6. Functional Analysis of Genes in Proximity to or Interrupted by Transposable Elements

To infer the impact of TEs on gene function, we analysed the Gene Ontology (GO)
functional annotations of genes lying nearby or interrupted by TEs. The GO terms were
derived from the annotated ‘Tunisia’ genome [4]. For the GO enrichment analysis on genes
in proximity to or interrupted by TEs compared to the entire transcriptome, we utilized
Blast2GO v5.2.5, employing Fisher’s exact test (p-value < 0.05) [60]. Subsequently, KEGG
Orthology (KO) id codes of corresponding genes were submitted to KEGG for pathway net-
work analysis (Kyoto Encyclopaedia of Genes and Genomes) [61]. Subsequently, REVIGO
was used to remove redundant GO terms with the parameter “tiny similarity” [62].

3. Results

3.1. Collection and Estimation of Abundance of Full-Length Transposable Elements

The genome assemblies of the four available pomegranate cultivars, namely ‘Bhagwa’,
‘Dabenzi’, ‘Taishanhong’, and ‘Tunisia’, were scrutinized to isolate full-length TEs belonging
to both Class I and Class II. Overall, we identified a total of 8404 TEs (Table 1, Supplemen-
tary Data S1–S4). The highest number of elements was found in the ‘Bhagwa’ genome,
with a total of 2511. A similar amount was retrieved in the ‘Tunisia’ genome, with a total of
2465 elements. The analyses of the ‘Taishanhong’ and ‘Dabenzi’ genomes returned 1822
and 1606 elements, respectively.

Regarding Class I elements, the Copia lineages identified were Ale, Alesia, Angela, Ikeros,
Ivana, TAR, and Tork. The Ale lineage was abundant in all four genome assemblies (Table 1),
predominating in the ‘Taishanhong’ and ‘Dabenzi’ genomes. However, in the ‘Tunisia’
and ‘Bhagwa’ genomes, the Angela lineage was the most abundant. Interestingly, Angela
elements were present in significantly fewer copies in the ‘Taishanhong’ and ‘Dabenzi’
genomes. Another notable difference can be observed concerning the Tork lineage, which
was highly represented in the ‘Tunisia’ and ‘Bhagwa’ genomes but less abundant in the
‘Taishanhong’ and ‘Dabenzi’ genomes.

As for the Gypsy superfamily, the lineages identified in the four genome assemblies
were Chromovirus, including the four sublineages CRM, Galadriel, Reina, and Tekay, and non-
Chromovirus, including Athila and Tat/Ogre. Most identified elements belonged to the Chro-
movirus/CRM lineage. A considerable disparity in the number of non-Chromovirus/Tat/Ogre
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elements was also observed by comparing ‘Taishanhong’ and ‘Dabenzi’ to the ‘Bhagwa’
and ‘Tunisia’ genomes, with the latter showing a much higher amount.

Table 1. Number (nr) of transposable elements identified in each pomegranate genome assemblies.

Order Superfamily Lineage
Tunisia

(nr)
Bhagwa

(nr)
Taishanhong

(nr)
Dabenzi

(nr)

Class I (Retrotransposons) Copia Ale 179 179 148 132
Alesia 1 1 1 1
Angela 229 230 70 20
Ikeros 10 10 10 7
Ivana 53 52 32 32
TAR 66 65 30 29
Tork 148 143 71 23

Gypsy Chromovirus/CRM 190 229 90 46
Chromovirus/Galadriel 14 13 12 8

Chromovirus/Reina 24 24 19 19
Chromovirus/Tekay 6 8 1 1

Non-Chromovirus/Athila 56 52 23 8
Non-Chromovirus/Tat/Ogre 59 58 8 1

Unknown 121 138 63 57

LINE 1 1 nd nd

Pararetrovirus nd nd 1 nd

Class II (DNA Transposons) TIR hAT 127 110 111 110
CACTA 141 171 148 142

PIF/Harbinger 28 37 27 29
Mutator 393 374 368 356

Tc1/Mariner 19 17 13 13

MITE hAT 88 90 84 78
CACTA 15 15 12 16

PIF/Harbinger 16 12 15 14
Mutator 96 96 85 90

Tc1/Mariner 1 2 4 5

Helitron Helitron 378 373 371 366

Unknown 6 11 5 3

Total 2465 2511 1822 1606

Concerning Class II TEs, the number of full-length elements in the four genome
assemblies was comparable (Table 1). In particular, hAT, CACTA, PIF/Harbinger, Mutator,
Tc1/Mariner (for both TIR and MITE superfamilies), and Helitron elements were identified.
Mutator elements, considering TIR and MITE superfamilies, were the most abundant in the
four pomegranate genome assemblies. The least abundant were the Tc1/Mariner elements.
Noteworthy, a relatively large number of Helitron elements were detected to a similar
frequency in all four genome assemblies.

The abundance of TEs was evaluated across the four genotypes by masking each
genome assembly with TE libraries. Overall, TE abundance resulted highly variable,
ranging from 41.67 to 52.45% of ‘Taishanhong’ and ‘Bhagwa’, respectively.

The total content of LTR-REs was higher in ‘Bhagwa’ and lower in the ‘Taishanhong’
genome. The overall abundance of Gypsy was approximately two-fold greater than Copia
regarding the ‘Tunisia’, ‘Bhagwa’, and ‘Dabenzi’ genomes. In the case of ‘Taishanhong’, the
difference in abundance of the two LTR-RE superfamilies is reduced.

Among the Copia LTR-REs, Angela was the most abundant lineage (above 1.79%),
except in the ‘Taishanhong’ genome, where Ale was the most represented (1.79%). On
the contrary, Ale was the second most abundant lineage among ‘Dabenzi’, ‘Tunisia’, and
‘Bhagwa’ (ranging from 1.44 to 1.62%). The lineage non-Chromovirus/Tat/Ogre, which
belongs to the Gypsy superfamily, was the most abundant LTR-RE in all four pomegranate
genomes (Table 2).
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Table 2. Abundance of transposable elements of the four pomegranate genome assemblies, specified
for each order, superfamily, and lineage; %: refers to the percentage of genomic abundance.

Order Superfamily Lineage
Tunisia

(%)
Bhagwa

(%)
Taishanhong

(%)
Dabenzi

(%)

Class I (Retrotransposons) Copia Ale 1.72 1.61 1.79 1.80
Alesia 0.01 0.01 0.01 0.01
Angela 2.26 2.08 1.49 1.90
Ikeros 0.15 0.13 0.15 0.16
Ivana 0.33 0.32 0.33 0.36
TAR 0.44 0.41 0.34 0.4
Tork 0.72 0.7 0.56 0.65
Total 5.63 5.26 4.67 5.28

Gypsy Chromovirus/CRM 3.05 3.22 1.65 2.15
Chromovirus/Galadriel 0.08 0.07 0.08 0.08

Chromovirus/Reina 0.12 0.11 0.13 0.13
Chromovirus/Tekay 0.48 0.62 0.18 0.26

Non-Chromovirus/Athila 0.48 0.45 0.36 0.4
Non-Chromovirus/Tat/Ogre 8.88 8.98 4.98 6.59

Total 13.09 13.45 7.38 9.61

Total Copia/Gypsy 18.72 18.71 12.05 14.89

Unknown 11.88 15.32 7.42 9.0

LINE 0.05 0.05 0.06 0.05

pararetrovirus 0.08 0.07 0.08 0.08

Class II (DNA Transposons) TIR hAT 1.32 1.08 1.5 1.23
CACTA 3.13 2.93 3.71 3.32

PIF/Harbinger 1.26 1.19 1.42 1.35
Mutator 5.61 5.27 6.27 5.99

Tc1/Mariner 0.38 0.36 0.43 0.41

MITE hAT 0.24 0.27 0.36 0.3
CACTA 0.04 0.04 0.05 0.05

PIF/Harbinger 0.07 0.07 0.11 0.08
Mutator 0.42 0.39 0.55 0.46

Tc1/Mariner 0.02 0.02 0.05 0.02

Helitron Helitron 6.9 6.68 7.61 7.45

Total 50.12 52.45 41.67 44.68

3.2. Identification and Phylogenetic Analysis of Shared Transposable Element Insertion Sites

In relation to the TEs identified and annotated in the four pomegranate cultivars, we
determined if each TE position was maintained across the four genome assemblies through
a clustering approach. The analysis produced 5025 clusters, each composed of one to four
elements (Supplementary Table S1), according to whether an element was exclusive to
a single genome or shared across multiple genomes. The clusters were categorized to
represent the number of shared TE insertions for every genotype combination in relation to
the element class (Table 3, Supplementary Table S2).

In total, we identified 73 TEs at the same genomic loci in all four genome assemblies,
comprising 23 REs and 50 DNA TEs. Regarding elements shared by three genotypes, the
‘Dabenzi’, ‘Taishanhong’, and ‘Tunisia’ assemblies presented the highest number, totalling
211 shared TEs (38 REs and 173 DNA TEs). The three genotypes with the fewest shared
elements were ‘Bhagwa’, ‘Dabenzi’, and ‘Tunisia’, with a total of 81 TEs (17 REs and
64 DNA TEs).

Among the four genome assemblies, ‘Bhagwa’ possessed the highest number of
exclusive elements, totalling 947 (comprising 621 REs and 326 DNA TEs), closely followed
by ‘Tunisia’ with 878 exclusive elements (including 554 REs and 324 DNA TEs).

Nevertheless, it is important to highlight that the failure to identify certain TEs in
specific loci may depend on the accuracy of the assembly and the sequencing technologies
used, potentially over-rating the differences among genomes.
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Table 3. Number of shared transposable element insertions identified in the four pomegranate
genome assemblies. Each genotype combination is reported. The number of insertions refers to total
transposable elements, REs, and DNA TEs.

Genotype Combination

Number of Insertion Sites (nr)

Total Transposable
Elements

Retrotransposons DNA Transposons

Bhagwa–Dabenzi–Taishanhong–Tunisia 73 23 50

Bhagwa–Dabenzi–Taishanhong 200 38 162
Bhagwa–Dabenzi–Tunisia 81 17 64

Bhagwa–Taishanhong–Tunisia 125 63 62
Dabenzi–Taishanhong–Tunisia 211 38 173

Bhagwa–Dabenzi 310 68 242
Bhagwa–Taishanhong 362 125 237

Bhagwa–Tunisia 402 252 150
Dabenzi–Taishanhong 137 30 107

Dabenzi–Tunisia 293 68 225
Taishanhong–Tunisia 396 141 255

Bhagwa 947 621 326
Dabenzi 297 105 192

Taishanhong 313 124 189
Tunisia 878 554 324

The presence/absence data of TEs in the four pomegranate genomes were used to
investigate the relationship among cultivars (Figure 1, Supplementary Table S3). The
resulting dendrogram showed that ‘Taishanhong’ and ‘Dabenzi’ genomes exhibit a closer
phylogenetic relationship to each other compared to ‘Tunisia’ and ‘Bhagwa’. This relation-
ship probably reflects the geographical origins of these cultivars, where ‘Taishanhong’ and
‘Dabenzi’ were of Chinese origin, and ‘Tunisia’ and ‘Bhagwa’ originated from Tunisia and
India, respectively.

Figure 1. Dendrogram resulting from hierarchical clustering analysis using the presence/absence
data of transposable elements in the four pomegranate genome assemblies, along with information
about their geographic origins (shown in parenthesis). Bootstrap resampling values are indicated at
the nodes.

3.3. Profiling the Insertion Time of Full-Length LTR-Retrotransposons

The proliferation time profiles of the full-length LTR-REs were inferred in the four
pomegranate genome assemblies by measuring pairwise distances between the LTRs of
each element, based on the principle that the two LTR sequences of a RE are identical im-
mediately after the insertion event and then accumulate mutations over time (see Section 2).
Although LTR-RE age calculation based on this assumption is subjected to errors due to
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casualties in mutation events, this method still appears to be the most useful for inferring
RE proliferation dynamics [55]. In pomegranate, this analysis showed the proliferation of
Copia and Gypsy REs in the last 40 million years (Figures 2 and 3).

Figure 2. Insertion time of six retrotransposon lineages belonging to the Copia superfamily in the
four pomegranate genome assemblies. Each cultivar is indicated with a different colour. The average
insertion time (million years ago = MYA) for each cultivar is reported in parentheses.

Figure 3. Insertion time of four retrotransposon lineages belonging to the Gypsy superfamily in the
four pomegranate genome assemblies. Each cultivar is indicated with a different colour. The average
insertion time (million years ago = MYA) for each cultivar is reported in parentheses.

The cultivars presented similar putative TE insertion time profiles, with differences
specific to each LTR-RE lineage. Most of the lineages of the Copia superfamily showed
a proliferation peak about six million years ago (MYA) (Figure 2), except for elements
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belonging to lineages TAR and Tork that showed older proliferation peaks in ‘Taishanhong’
and ‘Dabenzi’, respectively. The Ikeros lineage presented a more ancient proliferation peak
at 16 MYA in the four cultivars. The Tork elements of the ‘Tunisia’ cultivar were identified
as the youngest (average insertion time of 3 MY), while the Ikeros elements of the ‘Dabenzi’
and ‘Tunisia’ cultivars resulted the oldest (average insertion time of 15.2 MY).

As regards the Gypsy superfamily, the lineages generally showed a different prolif-
eration activity compared to Copia (Figure 3). The Athila lineage showed a proliferation
peak at 5 MYA in all cultivars except for ‘Dabenzi’, in which this lineage appears to be
still proliferating. The lineage Galadriel displayed a proliferation peak at 10 MYA, whereas
the Reina lineage showed a pattern with two proliferation peaks, one at 5 MYA and one at
15 MYA in all genotypes. CRM lineage exhibited the oldest proliferation peak at 16 MYA in
‘Taishanhong’ and ‘Dabenzi’ cultivars, whereas the transposition burst in ‘Bhagwa’ and
‘Tunisia’ is observed at 5 MYA. The Athila elements of the ‘Dabenzi’ and ‘Tunisia’ cultivars
were identified as the youngest (average insertion time of 1.1 MY), while the CRM elements
of the ‘Dabenzi’ cultivar were the oldest (average insertion time of 12.3 MY).

The putative insertion times of the LTR-REs were also analysed in relation to the
presence of the same element in the same locus in four, three, or two genotypes or to its
presence in one specific genotype (Figure 4). Overall, the LTR-REs shared in the same
genomic loci across all four pomegranate genome assemblies had a higher average insertion
date than elements shared between three or two cultivars or specific to one cultivar. In brief,
the more elements are shared at the same locus among cultivars, the older their average
insertion date is.

Figure 4. Putative insertion times of LTR-REs are subdivided into four groups based on their presence
in the same locus in four, three, or two genotypes or specific to one genotype. Data for the Copia and
Gypsy superfamilies are presented separately. The black bar represents each genotype combination’s
average LTR-RE insertion time (million years ago = MYA). Significant differences for each group of
measurements are indicated by letters a, b, and c: groups with the same letter are not significantly
different (p-value < 0.05) according to Tukey’s test.
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3.4. Localization of Shared TE Insertion Sites in Genes or Their Proximity

To identify TEs inserted in proximity or within gene regions (either exons or introns),
2000 bp-long sequences retrieved for each full-length TE in the four genomes (joining
1000 bp upstream and 1000 bp downstream sequences) were aligned against the ‘Tunisia’
transcriptome (see Section 2). The alignments between entire joined sequences and gene
transcripts indicated insertions into exons, while alignments of only one or both ends of the
joined sequences to the transcripts indicated insertions in the introns or intergenic regions.
Also, TE insertions in the proximity of genes were identified by comparing the genome
coordinates of protein-coding genes with those of TEs and retaining all full-length elements
lying within 1000 bp upstream or downstream of the coding portion of a gene.

Considering all the insertion sites identified in the four pomegranate genome assem-
blies for the instances where TEs are shared among, it was observed that most TEs were
located near genes (within 1000 bp). This localization was consistent for DNA TEs and REs,
with approximately 57% and 55% of insertion sites, respectively (Figure 5). Insertion sites
far from genes (i.e., distance more than 1000 bp) represented approximately 36% of DNA
TE and 38% of RE insertions. Insertions within gene exons and introns were rare for both
DNA TEs and REs.

Figure 5. Distribution of total transposable element insertion sites in the four pomegranate genome
assemblies. The percentage of the insertion sites is relative to transposable element classes and
insertion location.

Detailed results of the distribution of TE insertions among all genotype combinations
are reported in Supplementary Figure S1. The complete list of the genes showing TE
insertions can be found in Supplementary Table S4.

The number of TEs in the proximity of genes ranged from 874 in ‘Dabenzi’ to 1278
in ‘Tunisia’. The number of TEs within exons in ‘Bhagwa’ and ‘Tunisia’ genomes was
higher that of ‘Dabenzi’ and ‘Taishanhong’. The highest number of intronic TE insertions
was found in the ‘Bhagwa’ genome assembly. In terms of data variation, the TE insertion
location contributed the most to the variation (95.76%) compared to the variation provided
by cultivars (Table 4).
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Table 4. Two-factorial analysis of variance (ANOVA) for the insertion of transposable elements and
pomegranate cultivars. ns: not significant; ***: p-value < 0.001.

Cultivar
TE Insertion Location

Close to Gene (nr) Exon (nr) Intron (nr)

‘Bhagwa’ 1264 66 69
‘Dabenzi’ 874 40 50

‘Taishanhong’ 968 39 58
‘Tunisia’ 1278 61 63

Source of variation
Percentage of
variation (%)

Significance

Cultivar 1.07 ns
TE insertion location 95.76 ***

The temporal insertion profile of LTR-REs in relation to their insertion locations was
also explored (Supplementary Figure S2). This analysis showed no significant differences
between the groups in both superfamilies. In the Copia superfamily, the average insertion
ages varied from a minimum of 3.3 MYA for elements inserted into exons to a maximum
of 4.2 MYA for those distant from genes. In the Gypsy superfamily, insertion ages ranged
from 2.6 MYA for elements inserted in introns to a maximum of 6.2 MYA for those distant
from genes.

3.5. Functional Analysis of Genes in Proximity to or Interrupted by Transposable Elements

The potential impact of TE insertions on the function of genes lying in proximity to
the element or interrupted by the element was explored by functionally annotating these
genes using Gene Ontology (GO) and KEGG enrichment analyses. The GO and KEGG
codes of analysed genes can be found in Supplementary Table S6. GO enrichment analysis
(Figure 6) showed that the most recurrent GO terms of the genes in proximity of at least
one TE were ‘tetrapyrrole binding’ (GO:0046906), ‘heme binding’ (GO:0020037), ‘oxidore-
ductase activity, acting on paired donors, with incorporation or reduction of molecular
oxygen’ (GO:0016705), and ‘iron ion binding’ (GO:0005506) (Figure 6a). The most abundant
enriched GO terms associated with genes interrupted by a TE in the introns were ‘catalytic
activity’ (GO:0003824), ‘hydrolase activity’ (GO:0016787), and ‘ATP binding’ (GO:0005524)
(Figure 6b). Similarly, GO terms like ‘carbohydrate derivative binding’ (GO:0097367), ‘hete-
rocyclic compound binding’ (GO:1901363), ‘adenyl ribonucleotide binding’ (GO:0032559),
and ‘anion binding’ (GO:0043168), were the most represented for genes interrupted by a
TE in the exons (Figure 6c).

KEGG analysis was performed to analyse the genes of the phenylpropanoid path-
way (Table 5) that is crucial for producing polyphenolic compounds, the main secondary
metabolites in pomegranate, including flavonoids, anthocyanins, and tannins that are of
value for pomegranate fruits [2]. Some genes of the phenylpropanoid pathway were found
to be located in the proximity of at least one TE or interrupted by one TE, suggesting that TE
insertions might change the regulation of the metabolism of these compounds, contributing
to biodiversity between cultivars (Table 5). Overall, we found genes encoding two flavonoid
3′-monooxygenase (F3′H) and two 4-coumarate--CoA ligase (4CL) located in the proximity of
TEs. Furthermore, genes encoding an anthocyanidin reductase (ANR) and two peroxidases
(POD) were found to be interrupted by a TE in the exonic region. No cases of TE insertion
in intronic regions were identified.

For both F3′H genes, the TE proximal to the gene coexisted at the same genomic
locus across all four pomegranate genome assemblies (Table 5). In both instances, the
element belonged to lineages of the Copia superfamily; specifically, one was an Ale element,
and the other was an Ivana element. Concerning the two 4CL genes, one exhibits a TE
insertion at a shared genomic locus between ‘Bhagwa’ and ‘Taishanhong’. In this case, the
element belonged to the Chromovirus/CRM lineage. The other 4CL gene was interrupted
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by an element belonging to the Helitron class shared among ‘Dabenzi’, ‘Taishanhong’, and
‘Tunisia’ cultivars.

 

Figure 6. Distribution of genes in the proximity or interrupted by a transposable element in Gene
Ontology classes. The intensity of the colour (yellow to purple) indicates significance (p-value < 0.05).
The size of the circle indicates the percentage of the Gene Ontology class. (a) Genes in the proximity
of transposable elements; (b) Genes interrupted by a transposable element in the introns; (c) Genes
interrupted by a transposable element in the exons.

Concerning cases where a TE is inserted within exonic gene regions, we observed an
ANR gene, interrupted exclusively in the ‘Tunisia’ cultivar and belonging to the TIR/Mariner
family (Table 5). Finally, the two POD genes were interrupted by two different Chro-
movirus/Reina elements. The first POD gene was interrupted in ‘Bhagwa’ and ‘Dabenzi’
genotypes, the second in ‘Taishanhong’ and ‘Tunisia’ cultivars.
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Table 5. Phenylpropanoid-related genes located in proximity or interrupted by transposable element
insertion in the four pomegranate genome assemblies. The table provides details for each gene,
including insertion location, family/lineage of the inserted element, gene ID, gene name, and
the genotype combination sharing the element at the same genomic locus. Genotype names are
abbreviated as follows: Bh = ‘Bhagwa’, Da = ‘Dabenzi’, Ta = ‘Taishanhong’, Tu = ‘Tunisia’.

Insertion Location Transposable Element
Family/Lineage

Gene ID Gene Name Gene Code
Genotype

Combination

Close to gene
Copia/Ale XM_031520924.1 flavonoid 3′-monooxygenase F3′H Bh|Da|Ta|Tu

Copia/Ivana XM_031528957.1 flavonoid 3′-monooxygenase F3′H Bh|Da|Ta|Tu
Gypsy/Chromovirus/CRM XM_031526933.1 4-coumarate--CoA ligase 4CL Bh|Ta

Helitron XM_031516428.1 4-coumarate--CoA ligase 4CL Da|Ta|Tu

Exon
TIR/Mariner XM_031530037.1 anthocyanidin reductase ANR Tu

Gypsy/Chromovirus/Reina XM_031520605.1 peroxidase POD Bh|Da
Gypsy/Chromovirus/Reina XM_031520605.1 peroxidase POD Ta|Tu

4. Discussion

Our work provides a comprehensive characterization of full-length TEs in the genome
of P. granatum through a comparative analysis of the genome assemblies of four pomegranate
cultivars (i.e., ‘Bhagwa’, ‘Dabenzi’, ‘Taishanhong’, and ‘Tunisia’), focusing on the in-
traspecies variability of TE insertion loci and its possible functional implications.

The content of TEs varied among the four cultivars, ranging from 41.67 to 52.45%, in a
proportion similar to that found in other small-sized genomes such as apple [63], pear [64],
fig [65], and blackberry [66]. Most of the repeat component of the pomegranate genome
is composed of LTR-REs. The common occurrence of these elements in the fraction of
repeated sequences is a widespread characteristic of higher plant genomes, where REs
account for one of the major forces driving genome size evolution [67–69]. Based on TEs
abundance, the Chinese cultivars ‘Taishanhong’ and ‘Dabenzi’ differ from ‘Tunisia’ and
‘Bhagwa’ due to the lower abundance of the LTR-REs. In all four cultivars, Gypsy accounted
for a larger proportion than Copia elements, confirming what is generally observed in the
Angiosperms, with valuable exceptions, such as pear, date palm, and banana [70]. Notably,
the Gypsy lineage Tat/Ogre was the most abundant in all four pomegranate genomes, as
observed in pea [71] and 23 plant genomes belonging to the Fabeae tribe [72], indicating the
importance of this lineage in determining the genome size evolution of pomegranate. The
Copia superfamily abundance ranged between 4.67 to 5.63% in ‘Taishanhong’ and ‘Tunisia’,
respectively. Similar results were observed in pomegranate by Qin [5] and Yuan [6],
accounting for 4.8% and 5.87%, respectively. Concerning the Copia superfamily, except for
‘Taishanhong’, the Angela elements were the most frequent in all cultivars, followed by Ale,
as observed in Stevia rebaudiana [73] and grape [74].

Our analysis identified only 73 full-length TEs shared across all four pomegranate
genome assemblies. Conversely, the four genotypes showed a high number of elements
uniquely present in one genotype. For example, ‘Bhagwa’ exhibited the highest number of
exclusive elements (947), followed by ‘Tunisia’ (874) (Table 3). Hierarchical clustering based
on TE presence/absence reflected a closer phylogenetic relationship between ‘Taishanhong’
and ‘Dabenzi’ cultivars, in line with their shared Chinese origin, distinct from ‘Tunisia’ and
‘Bhagwa’, which originated in Tunisia and India, respectively (Figure 1).

The number of TEs shared among the four genotypes can be underestimated because
of genome misassembling. However, it is also plausible that in many cases TEs have been
subjected to rearrangements and mutations so that the same full-length element could not
be found at the same locus in all cultivars. It is possible that in some loci only TE remnants
are maintained, which cannot be recognized by the bioinformatic tools used for identifying
full-length TEs. The large number of TEs unique to single genotypes may also suggest
that TE proliferation and/or insertions have occurred following the divergence of these
genotypes, or that many full-length LTR-REs present in the progenitor have experienced
TE removal by unequal recombination or by DNA loss [75].
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The full-length LTR-REs were further characterized by their insertion time profiles,
which evidenced transposition bursts, presumably associated with plant evolution [76].
The insertion time profiles for different LTR-RE lineages were similar among cultivars,
although in some cases different transposition peaks were displayed (Figures 2 and 3).
The Copia superfamily showed that the insertions of the isolated full-length elements were
relatively recent, with a transposition peak at 4–6 million years ago, except for the Ikeros
lineage, where the transposition burst was around 15 million years ago.

Among Gypsy LTR-REs, the insertion times revealed a more ancient transposition burst
of Chromovirus/Galadriel and Chromovirus/Reina lineages in all four cultivars compared to
non-Chromovirus/Athila. Interestingly, in the cultivar ‘Dabenzi’ the Athila lineage has not yet
reached the peak of proliferation. The transposition burst characterizing Chromovirus/CRM
lineage occurred more recently in ‘Tunisia’ and ‘Bhagwa’ compared to the Chinese cultivars.

Relating the putative insertion dates of LTR-REs to the presence of the element at
the same locus in one, two, three, or four cultivars, indicated that shared elements of
both Copia and Gypsy superfamilies exhibited more ancient average insertion dates than
those exclusive to individual cultivars (Figure 4). This coherence is logical, as the presence
of shared elements among multiple genotypes should imply that their replication and
insertion occurred before the divergence of these genotypes. The trend according to which
the more an element is shared between the cultivars, the older its insertion, is generally
statistically significant. However, in some cases, even full-length elements found only
in one, two, or three cultivars, exhibit insertion ages older than the average (Figure 4).
This could indeed suggest that very ancient TEs have either been lost from one or more
genotypes after their separation or that these TEs have undergone rearrangements that
prevented their recognition by the bioinformatic tools used for their identification.

Regarding full-length TE insertion sites, the majority were located within 1000 bp
of the encoding portion of a gene (Figure 5). Overall, our results might be influenced by
the identification of full-length TE itself. To identify the full-length RE the sequence must
exhibit a conserved sequence, and a higher level of conservation may be more favored for
TEs located in gene-rich regions that are less exposed to purifying selection. On the other
hand, the tendency of TEs to lie near genes has already been observed especially in TE-rich
species [28]. This tendency was observed for both DNA TEs (57%) and REs (55%). Less
than 5% of full-length TEs and LTR-REs were found interrupting gene exons or introns,
suggesting the occurrence of purifying selection against the insertion in the coding portions
of genes, as expected because of the potentially negative effect of TE insertion for the gene
functionality.

In several plant species, including tomato, soybean, melon, orange, sunflower, and
others, functionally relevant TE insertions in the proximity of genes have been well-
documented (reviewed by Fambrini [33]). The insertion of a TE near a gene can change
its proximal promoter sequence, with possible consequences on the regulation of gene
activity [28]; moreover, the inserted TE can modulate the expression rate of a close gene by
inducing epigenetic modifications along the chromosomal locus [77].

Our data indicate that TE insertions occurred in the proximity of genes regardless of
their function as determined by GO analysis, although some GO (for example those related
to binding) resulted overrepresented, also when considering genes interrupted in their
exonic portion by a TE (Figure 6). It is noteworthy that, among genes showing proximity
to full-length TEs or interrupted in their transcribed portion by a full-length TE, some are
involved in the phenylpropanoid biosynthetic pathway.

The pomegranate fruit, celebrated for its health benefits attributed to antioxidant
polyphenolic compounds, such as flavonols, flavonoids, hydrolyzable tannins (ellagi-
tannins), gallagic acid, punicalin, anthocyanins, and proanthocyanidins, has received
considerable attention [78–82]. Among these secondary metabolites, anthocyanins are one
of the most important flavonoids that contribute to the colour of fruits [83], and the content
of these compounds was also characterised in the four cultivars whose genome is available.
In particular, anthocyanin biosynthesis and the accumulation in ripe fruits occur earlier
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in ‘Tunisia’ than in ‘Dabenzi’ [84]. ‘Taishanhong’ displays bright red fruits at the ripe
stage [6], boasting high total anthocyanin concentration [85]. Similarly, ‘Bhagwa’, the most
widespread Indian cultivar, is distinguished by its high anthocyanin content [7].

Our results showed events of TE insertions close to two genes encoding 4-coumarate--
CoA ligase (4CL), a pivotal enzyme in the phenylpropanoid pathway directing precursors
toward various phenylpropanoids [86]. Notably, one of these insertions was observed in
two genotypes, ‘Bhagwa’ and ‘Taishanhong’, of Indian and Chinese origin, respectively,
suggesting an ancient, pre-divergence origin for this insertion. The other 4CL gene is
shared among three genotypes, i.e., ‘Dabenzi’, ‘Taishanhong’, and ‘Tunisia’, indicating that
the inserted TE was lost in the fourth genotype (‘Bhagwa’) or that TE insertion occurred
after the divergence of the ‘Bhagwa’ genotype from the common ancestor of the other
three genotypes.

Finally, a gene encoding anthocyanidin reductase (ANR) was found to be disrupted
by a TIR/Mariner element inserted within the exon. ANR is pivotal in the biosynthesis of
flavan-3-ols and proanthocyanidins (PAs) [87]; the significant presence of ellagitannins
and anthocyanins in pomegranates, primarily in the form of flavan-3-ol monomers and
dimers, enhances the nutraceutical properties of pomegranate juice, showing superior
bioavailability compared to larger oligomers and polymers [82]. PAs, as condensed tannins,
are usually associated with plant astringency and the darkening of fruit skin upon exposure
to air. Increased ANR activity could potentially enhance astringency in plant tissues, like
fruit skins and seeds. Interestingly, this insertion was only found in the Tunisian genotype.
This could suggest a recent mobilization event exclusive of this genotype.

Changes in the phenylpropanoid phenotype have been induced by insertional muta-
genesis in Arabidopsis thaliana [88]. Our data show that such insertional mutagenesis has
occurred naturally in P. granatum, and such TE insertions can have induced changes in
the phenylpropanoid profile of the pomegranate fruit, affecting nutraceutical properties of
pomegranate juice.

In recent years, the availability of genomic resources, even for minor crops like
pomegranate, has clarified important aspects related to the structure of the plant genome
and potential functional aspects. Despite being challenging, characterizing the repetitive
fraction and assessing the variability linked to TE abundance and insertions across different
cultivars proves pivotal.

Undoubtedly, the profound impact of transposable elements on genome evolution
is widely acknowledged, and this study represents an initial foray into comprehending
their functional dynamics in pomegranate. Nevertheless, the functional influence of TEs
in pomegranate, which extends beyond their proximity to genes, necessitates targeted
functional analyses coupled with in-depth metabolomic studies. Exploring potential
candidate targets through screening and evaluating the phenotypic effects of specific
TE insertions will unravel the functional repercussions of TE activity. Overall, these
elements can generate new genetic variants and be exploited as molecular markers to select
plants with specific traits or facilitate genetic mapping, with potential implications for
pomegranate breeding and crop improvement.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10020111/s1, Figure S1: Distribution of TEs among all
genotype combinations, their insertion location and annotation. The genotype combination is shown
above. The names of the genotypes were abbreviated as follows: Bh = ‘Bhagwa’, Da = ‘Dabenzi’,
Ta = ‘Taishanhong’, Tu = ‘Tunisia’; Figure S2: Retrotransposon insertion time based on the insertion
locations in the four pomegranate cultivars. Data for the Copia and Gypsy superfamilies are presented.
The black bar represents each genotype combination’s average retrotransposon insertion time (in
MYA). No significant differences were identified according to Tukey’s test. Table S1: ST_1; Table S2:
ST_2; Table S3: ST_3; Table S4: ST_4; Table S5: ST_5. Data S1: Transposable element prediction in
‘Bhagwa’ genome assembly; Data S2: Transposable element prediction in ‘Dabenzi’ genome assembly;
Data S3: Transposable element prediction in ‘Taishanhong’ genome assembly; Data S4: Transposable
element prediction in ‘Tunisia’ genome assembly.
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Abstract: A cytological study was carried out on four Zingiber species from Thailand, namely,
Z. chrysostachys, Z. isanense, Z. junceum, and Z. niveum, which are edible and beautiful ornamental
plants. They all have somatic chromosomal numbers of 2n = 22. This research contributes to
karyological knowledge regarding this species. The somatic chromosomal counts of Z. niveum and
Z. isanense are reported for the first time, as are the NFs of all species, which were all discovered to
be 44. All four edible and ornamental species had their karyotypes: 16m + 6sm for Z. chrysostachys,
4m + 18sm for Z. isanense, 12m + 10sm for Z. junceum, and 14m + 4sm + 4st for Z. niveum. The
dominant characteristics of these four Zingiber species are as follows: Z. chrysostachys has yellow
bracts, pale yellow flowers, and a red labellum with white dots; Z. isanensis has red-brown bracts,
white flowers, and a white labellum; Z. junceum has green bracts, yellow flowers, and a yellow
labellum; and Z. niveum has white bracts, yellow flowers, and a yellow labellum. Additionally,
principal component analysis (PCA) of the karyotype formula was used to divide the four Zingiber
species into two groups via various points using the chromosome indexes (CIs): Z. niveum (D) with
Z. chrysostachys (A), and Z. junceum (C) with Z. isanensis (B). This finding implies that, while being
in the same stage, the CIs of these four Zingiber species can be used to distinguish them, revealing
their resemblance at unique stages and close relationship. Accordingly, the chromosomal structure,
karyotype formulae, and CIs can be used to distinguish these four edibles and ornamental Zingiber
species from Thailand.

Keywords: cytogenetics; chromosome number; karyotype; Zingiber; Zingiberaceae

1. Introduction

The Zingiberaceae family, also referred to as the ginger family, consists of a vast range
of flowering plants that are found across tropical and subtropical regions globally, cov-
ering Africa, the Americas, and Asia. There are around 57 recognized groups and more
than 1900 distinct types of species [1]. Zingiberaceae plants exhibit adaptability to several
ecological circumstances, although they are primarily distributed in tropical rainforests
and damp habitats. They flourish in tropical and subtropical environments characterized
by high temperatures and moisture, where they can benefit from ample precipitation and
adequate shelter. However, certain species can also be found in arid regions exposed to
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direct sunshine. This family consists of both terrestrial and epiphytic species. The Zingib-
eraceae family is well-known for its exceptional biodiversity, encompassing a variety of
plants that are both economically useful and of great importance [2]. These plants exhibit a
diverse array of colors, forms, and sizes. Furthermore, they have been employed for diverse
applications, and the understanding of their usage has also been transmitted through gen-
erations in human societies, specifically in Southeast Asia [1,2]. Thailand has an extensive
variety of Zingiberaceae species, making it one of the countries with the highest abundance
and diversity of this plant family. Thailand harbors around 29 recognized groups and
more than 400 species of Zingiberaceae [1–17]. Thailand’s tropical climate and diversified
biosphere provide ideal conditions for the flourishing and spread of Zingiberaceae species.
Plants belonging to the ginger family have diverse applications, serving as food and spice
sources, medicinal plants, decorative flowers, and cultural symbols. They are involved
in traditions, such as offering flowers to monks, and tourism, like the Krachiew flower
fields in Chaiyaphum province. Additionally, they are used in the production of cosmetics,
dyes, and essential oil extracts and in spas [2]. Thailand is highly significant for under-
standing the wide variety and range of evolutionary tendencies within this intriguing plant
family [6].

The large genus Zingiber belongs to the Zingiberaceae family [2]. Zingiber has been
found in China, India, Australia, Southeast Asia, Papua New Guinea, and China [17–19].
The medicinal herbs Zingiber officinale (or ginger), Z. montanum, and Z. zerumbet, among
others, are important [16]. There are a total of 56 Thai Zingiber species, consistent with
60 taxa [17]. Zingiber, as a result, belongs to one of the most diverse genera in Thailand [17].
There are many uses for the plants in this genus. Many Zingiber species’ rhizomes are often
utilized in Thai food as sauces or other components. Other species are also used as food,
medicinal plants, ornamental plants, commercial plants, and ritual plants [6]. Zingiber
corallinum, Z. myoga, Z. officinale, Z. striolatum, and Z. zerumbet have been the focus of studies
on biological and pharmacological activity, but a vast number of phytochemical constituents
have since been discovered that are thought to represent genus features [18], suggesting
that many more species in this genus should possess the same application potential.

The study of the chromosomes of plants in the ginger family mostly involves studying
their chromosome numbers [20–26]. As for the study of karyotypes and ideograms, it
was found that there are very few studies [23–25]. This may be due to the small size
of chromosomes in the plant family, and Evaluating the distribution of chromosomes is
a difficult assignment. This could explain the low number of studies conducted on the
chromosomes of plants within the ginger family [13–15]. Moreover, it has been found that
there are very few chromosome studies on the Zingiber genus [26–30].

Notwithstanding, previous cytogenetic studies on Zingiber showed that Zingiber
chrysostachys [22], Z. corallinum [11], Z. junceum [23], Z. ligulatum [25], Z. mekongense [23],
Z. mioga [28], Z. macrostachyum [25], Z. montanum [10,29], Z. officinale [15,25,29], Z. ot-
tensii [22,29], Z. parishii subsp. phuphanense [25], Z. purpureum [22,25], Z. roseum [25],
Z. rubens [23], Z. wightianum [25], Z. aff. wrayi [15], Z. zerumbet [22,23,25], have a chromoso-
mal count of 2n = 22.

Additionally, karyotype studies have reported the formulae of a few Zingiber species,
i.e., Zingiber montanum (2a + 18m + 2sm) [10], Zingiber officinale [31], and Z. ligulatum
(10m + 12sm), as well as Z. parishii subsp. phuphanense (16m + 6sm) [25]. Zingiber genus
ideogram investigations have been limited to three species: Zingiber ligulatum [25], Z.
montanum [10], and Z. parishii subsp. phuphanense [25].

Research team discovered four species of Zingiber, namely, Z. chrysostachys, Z. isanensis,
Z. junceum, and Z. niveum, while collecting samples from the Zingiberaceae family in the
northeastern part of Thailand. Additionally, villagers utilized these plants in a variety
of ways; for example, young inflorescences, leaves, and rhizomes can all be eaten as
vegetables or used in local food, including as ingredients in local soups and salads. The
rhizomes, pseudostems, and young inflorescences of the four Zingiber species mentioned
above were traded at the local market. Furthermore, villagers cultivated them in their
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gardens for ornamental use, as the inflorescences and pseudostems of all the plants are
attractive [2,6,16]. Therefore, each of the four Zingiber plants is widely sought after for
both food and ornamental uses and can be readily purchased in the regions where they are
native. These forest plants were discovered to be extensively cultivated and propagated
within the community for the purpose of harvesting flowers and rhizomes, which are then
sold in the local market or sent to other provinces. These four species of Zingiber plants are
economically significant at the community level in Northeastern Thailand and have been
integral to the local people’s way of life since ancient times [16,17,23].

Moreover, they are consumed locally. Zingiber junceum and Z. isanense are listed as
least-concern (LC) species on the IUCN Red List [19]; however, Zingiber chrysostachys and
Z. niveum are listed as endangered (EN). All four species are classified as rare in Thailand
according to the World Checklist of Selected Plant Families [1]. Researchers are interested
in researching the chromosomal information of these plants due to the aforementioned
reasons. The purpose of this research is to provide fundamental data for the subsequent
advancement of these plants as widely consumed indigenous food crops. The goal of this
research is to advocate for the cultivation of ornamental plants and flowers as profitable
agricultural commodities. Hence, knowledge of chromosome information holds great
significance for future advancements.

Several experts have recognized the significance of chromosomal information in plant
systematics and evolution. Chromosome morphology can help us comprehend taxonomic
relationships at the general and subgenomic levels. Chromosomal morphologies and
structures serve as the basis for taxonomy [20,21]. Previous investigations have clarified
the chromosomal structures of very few Zingiber species [22–24], although there is still
a lack of knowledge of karyology. The chromosomal numbers of these four edibles and
ornamental Zingiber species, namely, Z. chrysostachys, Z. isanensis, Z. junceum, and Z.
niveum, have been recorded in a few publications. However, their karyological aspects
have never been studied before. As a result, the purpose of this study was to provide more
information regarding their chromosome numbers, the Fundamental Number (NF: number
of chromosome arms), and karyotype forms.

2. Materials and Methods

2.1. Sample Collection

Zingiber chrysostachys (coll. No. Saensouk 3900), Z. niveum (coll. No. Saensouk 3901),
Z. isanense (coll. No. Saensouk 3902), and Z. junceum (coll. No. Saensouk 3903) were
obtained from natural settings in different provinces in the northeastern part of Thailand.
Zingiber chrysostachys was discovered in a villager’s garden (a deciduous dipterocarp forest)
in Nakhon Phanom Province, which is located in the upper region of the northeastern part
from Thailand. Z. niveum and Z. isanense were collected from a deciduous dipterocarp
forest (a villager’s garden) in Ubon Ratchathani Province, which is located in the lower
region of Northeast Thailand. Z. junceum was obtained from a villager’s garden (which was
like a deciduous dipterocarp forest) in Beung Kan Province, located in the upper region of
Northeast Thailand. They were kept alive by being grown in a nursery at Mahasarakham
University in Thailand’s Maha Sarakham Province. Figure 1 depicts the blooms of the
species investigated in this study.

2.2. Chromosome Number and Karyotype Study

Root tips from four Zingiber species, which are both edible and ornamental, were
prepared with paradichlorobenzene at 4 ◦C for 6 h before being fixed in ethanol-acetic acid
(3:1, v:v) at room temperature for 30 min. The roots were kept at 4 ◦C in case they needed
to be used later. The samples were rinsed in distilled water, hydrolyzed in 1 M of HCl
for 5 min at 60 ◦C, and then washed again in distilled water. They were dyed with 2%
aceto-orcein and examined using the squash technique. Observations were made using a
light microscope (Zeiss Axiostar Plus: Carl Zeiss Light Microscopy, Göttingen, Germany)
operated at 400× magnification [25,26]. The metaphase plates with well-individualized
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chromosomes were imaged. The chromosomes were counted, and the karyotype formu-
las were determined from measurements of the metaphase chromosomes apparent in
photomicrographs. The chromosome morphology was described using the terminology
used [22,24–35].

Figure 1. Flowers of edible and ornamental Zingiber species in this study: (a) Zingiber chrysostachys,
(b) Z. isanense, (c) Z. junceum, and (d) Z. niveum. Scale bars = 1 cm.

2.3. Statistical Analysis

The average karyotype of all four Zingiber species, which includes measurements of
the short arm chromosome, long arm chromosome, total chromosome arms, relative length,
and centromeric index, was used as a representation of all the results. The average was
calculated by taking into account all the variables, along with one standard deviation (SD).
We used calculations, following the methods defined in references [28–31], to evaluate the
similarity among the four Zingiber species. Our study focused on the karyotype formula
data and the presence or absence of distinguishing features related to somatic chromosomes.
We took into account a somatic chromosomal number of 2n = 22. In addition, we assigned
a binary value of 1 or 0 to indicate the morphological traits of the four Zingiber species that
were analyzed. A distance matrix was used in the dendrogram (UPGMA) (unweighted
pair group method with arithmetic mean) [32–34], and principal component analysis
(PCA) [22,34–39] was performed using SPSS version 29.

3. Results

The Zingiber (family: Zingiberaceae) species Z. chrysostachys, Z. isanense, Z. junceum,
and Z. niveum, obtained from several provinces in Thailand for this study (Figure 1), were
identified as rare species in Thailand. Two species are considered endangered (Zingiber
chrysostachys and Z. niveum), while two are considered least-threatened (Zingiber isanense
and Z. junceum). Figure 2 shows photomicrographs of the chromosomes from the four
species. Table 1 summarizes the somatic chromosomal counts corresponding to the root
tips of four rare Zingiber species. For each species, chromosomal counts were performed on
ten metaphase plates. All the species’ chromosomal counts were discovered to be 2n = 22.
Figures 3 and 4 show the species’ karyotypes and ideograms, respectively.
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Figure 2. Photomicrographs of somatic metaphase plate 2n = 22: (a) Zingiber chrysostachys, (b) Z. isa-
nense, (c) Z. junceum, and (d) Z. niveum. Scale bars = 10 μm.

Figure 3. Karyotypes of (a) Zingiber chrysostachys, (b) Z. isanense, (c) Z. junceum, and (d) Z. niveum.
Scale bars = 10 μm.

 

Figure 4. Ideograms of (a) Zingiber chrysostachys, (b) Z. isanense, (c) Z. junceum, and (d) Z. niveum.
Scale bars = 10 μm.
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The most important distinguishing characteristics of these four Zingiber species, which
can be used for both food and ornamentation, are as follows: Z. chrysostachys has yellow
bracts, pale yellow flowers, and a red labellum adorned with white dots. Z. isanensis has
red-brown bracts, white flowers, and a white labellum. Z. junceum features green bracts,
yellow flowers, and a yellow labellum. Lastly, Z. niveum presents white bracts, yellow
flowers, and a yellow labellum.

In the field survey, we recorded the conventional utilization of all four edible and
ornamental Zingiber species. The young inflorescences and young leaves of all species are
utilized as edible vegetables or local foods. Additionally, young rhizomes of two specific
species (Z. junceum and Z. niveum) were eaten as fresh vegetables or as part of the local
cuisine. All of these species are utilized for ornamental purposes, namely, as plants for
one’s home.

These four species, which can be eaten or used for ornamentation, have a highly
beneficial arrangement of chromosomes in each cell. Consequently, in this study, specific
counting of chromosomes could be conducted by using intact plant root parts and employ-
ing treatments such as chromosomal identifying and technological addition, resulting in
good karyotype and ideogram data.

Zingiber chrysostachys has a somatic chromosomal number of 2n = 22 and a fundamental
number (NF) of 44 (Figure 2a) (Table 1). The karyotype of Zingiber chrysostachys contained
eight pairs of metacentric chromosomes and three pairs of submetacentric chromosomes.
The karyotype formula was 16m + 6sm, indicating that the karyotype was symmetrical
(Table 1, Figure 3a). Because of the arm ratio, it had a symmetrical karyotype. The short
arm length was 0.68 ± 0.04 to 1.40 ± 0.09 μm, the long arm length was 0.98 ± 0.06 to
2.17 ± 0.65 μm, and the total chromosomal length was 1.66 ± 0.11 to 3.57 ± 0.73 μm. The
centromeric index (CI) ranged from 0.54 ± 0.06 to 0.64 ± 0.10, and the relative chromosomal
length (RL) ranged from 5.91 ± 0.04 to 12.72 ± 0.04% (Table 2). The CI and the average
length of chromosomes were used to arrange the chromosomes into an ideogram with size
decreasing from left to right (Figure 4a).
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Table 2. Mean lengths of short-arm chromosomes (Ls), long-arm chromosomes (Ll), total chromosome
arm (LT), relative length (RL), and centromeric index (CI) of four Zingiber species obtained from 10
metaphase plates.

Zingiber chrysostachys (2n = 22)

Chro.
Pair

Ls ± SD (μm) Ll ± SD (μm) LT ± SD (μm) RL (%) CI Chromosome Type

1. 1.40 ± 0.09 2.17 ± 0.65 3.57 ± 0.73 12.72 ± 0.04 0.61 ± 0.08 Submetacentric
2. 1.09 ± 0.07 1.92 ± 0.13 3.02 ± 0.21 10.75 ± 0.06 0.64 ± 0.10 Submetacentric
3. 1.20 ± 0.08 1.81 ± 0.12 3.01 ± 0.20 10.74 ± 0.08 0.60 ± 0.06 Submetacentric
4. 1.18 ± 0.07 1.61 ± 0.12 2.78 ± 0.18 9.92 ± 0.06 0.58 ± 0.04 Metacentric
5. 1.10 ± 0.06 1.49 ± 0.10 2.59 ± 0.16 9.24 ± 0.04 0.57 ± 0.08 Metacentric
6. 1.15 ± 0.07 1.36 ± 0.09 2.51 ± 0.16 8.94 ± 0.08 0.54 ± 0.06 Metacentric
7. 1.03 ± 0.06 1.40 ± 0.10 2.43 ± 0.16 8.68 ± 0.08 0.58 ± 0.04 Metacentric
8. 1.00 ± 0.06 1.36 ± 0.08 2.36 ± 0.14 8.41 ± 0.04 0.58 ± 0.04 Metacentric
9. 0.91 ± 0.06 1.18 ± 0.08 2.08 ± 0.14 7.43 ± 0.04 0.56 ± 0.06 Metacentric

10. 0.91 ± 0.06 1.13 ± 0.08 2.04 ± 0.13 7.27 ± 0.08 0.56 ± 0.06 Metacentric
11. 0.68 ± 0.04 0.98 ± 0.06 1.66 ± 0.11 5.91 ± 0.04 0.59 ± 0.08 Metacentric

Zingiber isanensis (2n = 22)

Chro.
Pair

Ls ± SD (μm) Ll ± SD (μm) LT ± SD (μm) RL (%) CI Chromosome Type

1. 1.37 ± 0.05 2.45 ± 0.01 3.83 ± 0.06 13.00 ± 0.02 0.64 ± 0.01 Submetacentric
2. 1.29 ± 0.02 2.22 ± 0.01 3.51 ± 0.02 12.00 ± 0.01 0.63 ± 0.01 Submetacentric
3. 1.12 ± 0.02 2.03 ± 0.01 3.15 ± 0.03 11.00 ± 0.01 0.64 ± 0.01 Submetacentric
4. 1.07 ± 0.03 1.96 ± 0.01 3.03 ± 0.04 10.00 ± 0.01 0.65 ± 0.01 Submetacentric
5. 1.04 ± 0.03 1.58 ± 0.01 2.62 ± 0.03 9.00 ± 0.01 0.59 ± 0.01 Metacentric
6. 0.98 ± 0.01 1.54 ± 0.01 2.52 ± 0.01 9.00 ± 0.01 0.61 ± 0.01 Submetacentric
7. 0.94 ± 0.02 1.50 ± 0.01 2.44 ± 0.02 8.00 ± 0.01 0.61 ± 0.01 Submetacentric
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Table 2. Cont.

Zingiber isanensis (2n = 22)

Chro.
Pair

Ls ± SD (μm) Ll ± SD (μm) LT ± SD (μm) RL (%) CI Chromosome Type

8. 0.83 ± 0.01 1.44 ± 0.01 2.26 ± 0.01 8.00 ± 0.01 0.64 ± 0.01 Metacentric
9. 0.77 ± 0.01 1.39 ± 0.01 2.16 ± 0.01 7.00 ± 0.01 0.64 ± 0.01 Submetacentric
10. 0.75 ± 0.01 1.28 ± 0.01 2.04 ± 0.01 7.00 ± 0.01 0.63 ± 0.01 Submetacentric
11. 0.68 ± 0.01 1.08 ± 0.01 1.76 ± 0.01 6.00 ± 0.01 0.61 ± 0.01 Submetacentric

Zingiber junceum (2n = 22)

Chro.
Pair

Ls ± SD (μm) Ll ± SD (μm) LT ± SD (μm) RL (%) CI Chromosome Type

1. 1.24 ± 0.08 2.22 ± 0.65 3.46 ± 0.73 12.00 ± 0.16 0.64 ± 0.13 Submetacentric
2. 1.27 ± 0.07 1.83 ± 0.13 3.10 ± 0.20 10.76 ± 0.15 0.59 ± 0.12 Metacentric
3. 1.06 ± 0.07 1.95 ± 0.13 3.01 ± 0.19 10.45 ± 0.13 0.65 ± 0.12 Submetacentric
4. 1.00 ± 0.06 1.76 ± 0.12 2.76 ± 0.18 9.58 ± 0.14 0.64 ± 0.13 Submetacentric
5. 1.12 ± 0.06 1.54 ± 0.10 2.66 ± 0.16 9.21 ± 0.13 0.58 ± 0.12 Metacentric
6. 1.14 ± 0.07 1.44 ± 0.09 2.58 ± 0.16 8.95 ± 0.12 0.56 ± 0.12 Metacentric
7. 1.13 ± 0.06 1.40 ± 0.10 2.54 ± 0.16 8.80 ± 0.12 0.55 ± 0.10 Metacentric
8. 1.00 ± 0.06 1.45 ± 0.09 2.46 ± 0.14 8.51 ± 0.10 0.59 ± 0.10 Metacentric
9. 0.93 ± 0.05 1.45 ± 0.09 2.38 ± 0.14 8.26 ± 0.10 0.61 ± 0.09 Submetacentric

10. 0.89 ± 0.05 1.39 ± 0.08 2.28 ± 0.13 7.92 ± 0.09 0.61 ± 0.09 Submetacentric
11. 0.66 ± 0.04 0.95 ± 0.06 1.61 ± 0.10 5.57 ± 0.08 0.59 ± 0.10 Metacentric

Zingiber niveum (2n = 22)

Chro.
Pair

Ls ± SD (μm) Ll ± SD (μm) LT ± SD (μm) RL (%) CI Chromosome Type

1. 1.65 ± 0.10 2.33 ± 0.68 3.98 ± 0.78 12.50 ± 0.20 0.58 ± 0.10 Metacentric
2. 1.61 ± 0.09 2.24 ± 0.15 3.85 ± 0.24 12.08 ± 0.12 0.58 ± 0.10 Metacentric
3. 1.47 ± 0.09 2.25 ± 0.14 3.72 ± 0.23 11.66 ± 0.09 0.61 ± 0.12 Subtalocentric
4. 1.19 ± 0.08 1.88 ± 0.13 3.07 ± 0.21 9.63 ± 0.12 0.61 ± 0.12 Subtalocentric
5. 1.09 ± 0.07 1.67 ± 0.11 2.76 ± 0.18 8.68 ± 0.09 0.60 ± 0.10 Submetacentric
6. 1.29 ± 0.08 1.47 ± 0.10 2.76 ± 0.18 8.66 ± 0.10 0.53 ± 0.09 Metacentric
7. 1.05 ± 0.07 1.63 ± 0.11 2.68 ± 0.18 8.42 ± 0.09 0.61 ± 0.12 Submetacentric
8. 1.06 ± 0.06 1.51 ± 0.09 2.56 ± 0.16 8.05 ± 0.08 0.59 ± 0.09 Metacentric
9. 1.03 ± 0.07 1.22 ± 0.09 2.25 ± 0.15 7.06 ± 0.06 0.54 ± 0.08 Metacentric

10. 1.02 ± 0.06 1.26 ± 0.08 2.28 ± 0.15 7.16 ± 0.09 0.55 ± 0.09 Metacentric
11. 0.86 ± 0.06 1.09 ± 0.07 1.94 ± 0.13 6.10 ± 0.12 0.56 ± 0.010 Metacentric

Zingiber isanense has 2n = 22 somatic chromosomes and an NF = 44 (Figure 2b, Table 1).
There were two pairs of metacentric chromosomes and nine pairs of submetacentric chromo-
somes in the corresponding karyotype. Its arm ratio and karyotype formula of 4m + 18sm
place it in the symmetrical karyotype group (Figure 3b). The short arm length was 0.68 ±
0.01 to 1.37 ± 0.05 μm, the long arm length was 1.08 ± 0.01 to 2.45 ± 0.01 μm, and the total
chromosomal length was 1.76 ± 0.01 to 3.83 ± 0.06 μm. The RL ranged from 6.00 ± 0.01
to 13.00 ± 0.02%, while the CI ranged from 0.59 ± 0.01 to 0.65 ± 0.01, as shown in Table 2.
Figure 4b shows the ideogram that was created.

Zingiber junceum has 2n = 22 chromosomes and an NF = 44 (Figure 2c) (Table 1).
Six pairs of metacentric and five pairs of submetacentric chromosomes were discovered. Be-
cause of the formula, namely, 12m + 10sm, and the arm ratio of the chromosomes, the kary-
otype seemed to be symmetrical. The short arm length was 0.66 ± 0.04 to 1.24 ± 0.08 μm,
the long arm length was 0.95 ± 0.06 to 2.22 ± 0.65 μm, and the total chromosomal length
was 1.61 ± 0.10 to 3.46 ± 0.73 μm. Table 2 shows that the RL ranged from 5.57 ± 0.08 to
12.00 ± 0.16% and that the CI ranged from 0.59 ± 0.10 to 0.64 ± 0.13 (Table 2). Figure 4c
shows the ideogram that was created.
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The somatic chromosomal number of Zingiber niveum, reported herein for the first
time, is 2n = 22, with an NF = 44 (Figure 2d, Table 1). There were seven pairs of metacentric
chromosomes, four pairs of submetacentric chromosomes, and four pairs of subtelocentric
chromosomes found. 14m + 4sm + 4st was the karyotype formula. The arm ratio revealed
that it was a asymmetrical karyotype (Table 1, Figure 3d). The short arm length was
0.86 ± 0.06 to 1.65 ± 0.10 μm, the long arm length was 1.09 ± 0.07 to 2.33 ± 0.68 μm, and
the total chromosomal length was 1.94 ± 0.13 to 3.98 ± 0.78 μm. The RL ranged from
6.10 ± 0.12 to 12.50 ± 0.20, and the CI varied from 0.56 ± 0.10 to 0.58 ± 0.10 (Table 2). The
ideogram of Zingiber niveum is depicted in Figure 4d.

3.1. The Similarity Index of Four Rare Zingiber Species

The results of a UPMG cluster analysis, which examined the similarity among four
species of Zingiber, included Zingiber chrysostachys, Z. isanense, Z. junceum, and Z. niveum.
This analysis was based on their karyotype formulas, which represent the chromosome
characteristics and 30 morphological characteristics of each species. The UPMG cluster
analysis produced a dendrogram, a diagram showing the relationships among these species
based on their similarities in terms of chromosome characteristics and morphology. The
dendrogram revealed that Zingiber junceum and Z. niveum are the most similar to each other
in terms of their karyotype formulas and morphologies; these two species have similar
flowers and inflorescences. Following them, Z. chrysostachys showed a moderate level of
similarity, while Z. isanense exhibited the least similarity to the other species (Figure 5).

Figure 5. UPGM cluster analysis dendrogram of four rare Zingiber species based on the distant matrix
of karyotype formulars, similarity index, and 30 morphological characteristics with a cophenetic
correlation = 0.9686.

The UPMG cluster analysis provided valuable insights into the similarities among
four distinct species of Zingiber: Z. chrysostachys, Z. isanense, Z. junceum, and Z. niveum.
The analysis yielded karyotype formulas, similarity indices, and 30 morphological char-
acteristics. The cophenetic correlation, which is 0.9686, indicates a high level of similarity
among the four Zingiber species, with a 96.86% similarity rate. Crucially, this analysis
utilized karyotype formulas as the basis for comparison, offering a glimpse into the unique
chromosome characteristics of each species according to their morphologies.

3.2. The PCA Score Plot of CI

The PCA score plot of Zingiber chrysostachys, Z. isanensis, Z. junceum, and Z. niveum,
based on CIs, showed that component 1 accounts for 60.25% of the total variance, while
component 2 accounts for 37.64%. All four species are in the same stage, which means that
their CIs are similar to each other. The CIs can be used to differentiate between different
points. This presentation divides the four species into two groups: Zingiber niveum (D) with

98



Horticulturae 2024, 10, 409

Z. chrysostachys (A), and Z. junceum (C) with Z. isanensis (B). This indicates that the CIs of
each group are closely related (Figure 6). This result suggests that the CIs of these four rare
Zingiber species can be employed to differentiate them even if they are in the same stage,
signifying their similarity yet distinct stages while remaining closely related.

Figure 6. PCA score plot of (A) Zingiber chrysostachys, (B) Z. isanense, (C) Z. junceum, and (D) Z.
niveum based on CI.

4. Discussion

According to the Plants of the World Online database [17], four edible and ornamental
species of Zingiber are rare in Thailand: Zingiber chrysostachys, Z. isanensis, Z. junceum, and
Z. niveum. Furthermore, two species are classified as endangered (Zingiber chrysostachys
and Z. niveum), and two as being of least concern (Zingiber isanensis and Z. junceum), in the
International Union for Conservation of Nature and Natural Resources database [16].

Zingiber chrysostachys, Z. isanensis, Z. junceum, and Z. niveum are four rare edible and
ornamental Zingiber species discovered in Thailand. They all have the same somatic chro-
mosomal number, 2n = 22 [23,24]. Similarly, it was determined that this species’ haploid
chromosome number in Malaysia was n = 11 [23]. The somatic chromosomal counts of
Zingiber niveum and Z. isanense are reported herein for the first time. We determined the
somatic chromosomal numbers of Zingiber chrysostachys and Z. junceum to be 2n = 22 [23]
(Table 1). The NFs of these four Zingiber species were determined to be 44, which aligns
with the research results reported by Saensouk and Saensouk [25]. The arm ratio analysis
revealed that individuals of three species (Z chrysostachys, Z. isanensis, and Z. junceum) had
a karyotype that showed symmetrical characteristics, which corresponds to the findings
published by Saensouk and Saensouk [25]. On the other hand, Z. niveum had an asym-
metrical karyotype. Nevertheless, the NFs, karyotypes, and ideograms of all four species
have been determined for the first time. Therefore, while the chromosome number was
consistent across all four species, there were differences in the CIs, RL (%), karyotypes, and
ideograms among the species. These differences can be attributed to environmental factors
such as the plant’s location, soil composition, water availability, air quality, etc.

The chromosomal structures and karyotype formulae of these four Zingiber species
can be used to distinguish them. Researchers can distinguish plants by analyzing their
chromosomal and morphological characteristics [36]. The total chromosomal length ranged
from 3.46 ± 0.73 μm (Z. junceum) to 3.98 ± 0.78 μm (Z. niveum), which is shorter than the
measurements reported in a previous work by Saensouk and Saensouk [25]. This difference
in length can be attributed to various environmental conditions, age, or periods of develop-
ment. The RL content varied from 12.00 ± 0.16% (Z. junceum) to 13.00 ± 0.02% (Z. isanensis),
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which differs from the earlier findings reported by Saensouk and Saensouk [25]. This
difference could be attributed to variations in environmental circumstances, age, or devel-
opmental stages. Furthermore, the CI ranged from 0.65 ± 0.01 (Z. isanense) to 0.58 ± 0.10
(Z. niveum), which contrasts with the previous results documented by Saensouk and Saen-
souk [25]. This disparity can be ascribed to differences in environmental conditions, age, or
phases of development.

Karyological data can be employed in cytotaxonomy or karyosystematics since they
can represent the genetic links between the species being studied [37]. These features are
considered advantageous due to the fact that they are not influenced by environmental
circumstances, age, or developmental stages [38]. This research has found that the chromo-
somal numbers of all four Zingiber species are the same. Nonetheless, banding patterns in
karyotypes with identical morphologies can differ significantly [39]. Banding patterns in
karyotypes with identical shapes can, however, vary dramatically [39].

The PCA score plot of Zingiber chrysostachys, Z. isanense, Z. junceum, and Z. niveum,
based on CI, showed that all four rare species are in the same stage, which means that
their CIs are similar to each other. However, this study based on CIs could be divided into
two groups, namely, Zingiber niveum (D) with Z. chrysostachys (A) and Z. junceum (C) with
Z. isanense (B), which is consistent with [17], who reported the morphological features of
leaf blades of Z. niveum (D) and Z. chrysostachys (A) were reported as oblong to lanceolate.
On the other hand, the second group, consisting of Z. junceum (C) and Z. isanensis (B),
showed narrow lanceolate leaf blade morphology.

Beyond the four rare edible plants belonging to the Zingiber genus, four had distinct
karyotype formulas and chromosome structures. However, not all evidence can be sued to
differentiate between these four species. The CI is capable of distinguishing between the
four species, notwithstanding the fact that the CI values seem to be aligned in the same
direction. Additionally, the leaf blade morphologies of these four species can serve as a
characteristic with which to differentiate them. According to the findings of this study, it is
feasible to categorize all four species of Zingiber using the PCA of the karyotype formula,
the CI, and the morphological characteristics of the leaf blade.

Therefore, these data will help in supporting the development of plant breeding
for commercial purposes in the future and are expected to generate more income for
the community.

5. Conclusions

Cytological research was conducted on four species of Zingiber (Z. chrysostachys, Z. isa-
nensis, Z. junceum, and Z. niveum) that are edible and ornamental, with the aim of obtaining
more knowledge of these species. Their somatic chromosomal numbers are all 2n = 22. Our
knowledge of these species’ karyology has been increased by this investigation. For the first
time, both the somatic chromosomal counts of Zingiber niveum and Z. isanense—in addition to
the NFs of all species, all of which were found to be 44—were reported. The karyotypes for all
four of these endangered species were made available: 16m + 6sm for Zingiber chrysostachys,
4m + 18sm for Z. isanense, 12m + 10sm for Z. junceum, and 14m + 4sm + 4st for Z. niveum. The
karyotypes are symmetrical for each individual. Chromosome architecture and karyotype
formulae were used to distinguish four rare Zingiber species from Thailand.

The CIs can be used to categorize these into various points. The four species were
divided into two groups in this presentation: Zingiber niveum (D) and Z. chrysostachys (A),
and Z. junceum (C) and Z. isanensis (B). This suggests a close relationship between the CIs
of each group (Figure 5). This finding implies that, while in the same stage, the CIs of these
four rare Zingiber species can be used to distinguish them, indicating their resemblance at
unique stages while still being closely related.

The information obtained from this study helps promote the conservation of plants
in the areas that are their habitats, which will lead to the conservation of these rare plants
and their habitats. Consequently, the genetics of these plants persist, allowing for their
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propagation and development into ornamental plants with economic value, which could
potentially boost a community’s income.
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Abstract: Molecular markers play a crucial role in marker-assisted breeding and varietal identification.
However, the application of insertion/deletion markers (InDels) in grapevines has been limited by
the low throughput and separability of gel electrophoresis. To developed effective InDel markers
for grapevines, this study reports a novel, effective and high-throughput pipeline for InDel marker
development and identification. After rigorous filtering, 11 polymorphic multi-allelic InDel markers
were selected. These markers were then used to perform genetic identification of 123 elite grape
cultivars using agarose gel electrophoresis and next-generation sequencing (NGS). The polymorphism
rate of the InDel markers identified by gels was 37.92%, while the NGS-based results demonstrated a
higher polymorphism rate of 61.12%. Finally, the NGS-based fingerprints successfully distinguished
122 grape varieties (99.19%), surpassing the gels, which could distinguish 116 grape varieties (94.31%).
Specifically, we constructed phylogenetic trees based on the genotyping results from both gels and
NGS. The population structure revealed by the NGS-based markers displayed three primary clusters,
consisting of the patterns of the evolutionary divergence and geographical origin of the grapevines.
Our work provides an efficient workflow for multi-allelic InDel marker development and practical
tools for the genetic discrimination of grape cultivars.

Keywords: grapevine; multi-allelic InDels; next-generation sequencing; fingerprinting; population
structure

1. Introduction

The grapevine (V. vinifera L.) is one of the earliest domesticated fruit plants, character-
ized by the absence of genetic barriers within the genus [1]. Over the past thousands of
years, grapevine introduction, breeding and intensive trade have blurred genetic relation-
ships [2]. Moreover, the genetic diversity of grapes gradually decreases while domestication
progresses [3–5]. Currently, synonyms and homonyms are prevalent in the grape mar-
ket, which has negative effects on breeding activities and breeders’ rights [6]. Therefore,
economical, efficient and accurate variety identification methods are urgently needed to
improve breeding efficiency and protect the rights of grape breeders.
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DNA molecular markers are crucial for grape varietal identification [7]. Among
them, simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP)
are widely used in grapevine identification. The use of 20 SSR markers helped identify
three genetic populations among 1378 varieties [8]. The genetic variability in ‘Sangiovese’,
‘Sanforte’ and ‘Montepulciano’ grapes was analyzed using multiple molecular markers
such as SSR and AFLP [9]. However, the application of SSR markers is hindered by the low
throughput and intensive data processing [10].

With the development of sequencing technology, a large number of single nucleotide
polymorphism (SNP) and InDel markers were identified. SNP and InDel have become the
most promising markers in genetic research and molecular marker-assisted breeding due to
their wide distribution in genomes and suitability for high-throughput genotyping [11,12].
Emanuelli et al. [13] employed SNP markers to verify European grapevine cultivars, while
Wang et al. [14] used SNP markers to distinguish major grape cultivars in China. Generally,
InDels are defined as short insertion or deletion of up to 50 nucleotides at a single locus.
Compared to SNPs, InDel markers can be easily detected using gel electrophoresis. In
recent years, InDel markers have been applied as fingerprints in various crops, such as
rice [15], maize [16], peach [17], apple [18], tomato [19] and cucumber [20]. However, as of
now, few InDel markers have been developed for grape-variety fingerprinting.

Multi-allelic InDels refer to variations caused by multiple different sizes of insertion
or deletion at one allele within a population. Multi-allelic InDels are common in plants [21].
The frequent selfing and hybridization in plants increase the diversity of alleles, and the
relatively high rate of genetic mutations promotes the formation of multi-allelic InDels [22].
Gel electrophoresis has a relatively low resolution and may not be sensitive enough to
separate different fragments of multi-allelic InDels [23]. The NGS allows the accurate iden-
tification of multi-allelic InDels and facilitates data processing. However, the application of
NGS is limited by the high costs and lack of professional bioinformatics analysis tools.

This study established a practical workflow for multi-allelic InDel selection and identi-
fication. A total of 11 polymorphic InDel primers were selected from a variant database con-
structed using the resequencing data of 499 grapevine lines. A total of 123 core germplasms
were collected and genotyped using gel electrophoresis and NGS. The polymorphism
rates and discriminability of different genotyping strategies highlight the advantages of
NGS-based methods. The fingerprints constructed by multi-allelic InDels in this study
provide valuable tools for the genetic discrimination of grapes.

2. Materials and Methods

2.1. Materials

Preliminary screening of InDel markers was conducted using 499 whole-genome rese-
quencing data from the public databases (Table S1). In August 2022, 123 young grapevine
leaf samples were collected at the Institute of Forestry and Pomology, Tianjin Academy of
Agricultural Sciences (Table S2). These samples exhibit a diverse genetic background and a
wide range of phenotypic variations. Healthy and young leaves were collected under cool
and dry conditions in the early morning. The collected leaf samples were homogenized
with a 4 mm steel ball in a Retsch MM 400 Mixer Mill after chilling in liquid nitrogen.
The total genomic DNA of all samples was extracted using the Plant Genomic Extraction
Kit (Tiangen Biotech, Beijing, China). Subsequently, DNA concentration and purity were
assessed using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Qualified DNA samples were then stored at −20 ◦C.

2.2. Screening of InDels Markers

Initially, grape resequencing data were downloaded to construct a variant database,
followed by quality control of the raw data. Fastp software (v.0.23.4) was used for data
quality assessment and preprocessing of the sequencing data [24]. Subsequently, the
pre-processed sequencing data were aligned to the reference genome using the Burrows–
Wheeler aligner (BWA, v.0.7.17) to generate bam files [25]. SAMtools (v.1.14) was utilized
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for sorting, indexing, filtering and statistical analysis of these files [26]. Following this,
the Genome Analysis Toolkit (GATK, v.4.0.10.0) was employed to detect InDels, and
programming was utilized to generate a final Variant Call Format (VCF) file, containing
information about variations such as InDel locations, types, quality and their distribution
across different samples [27].

High-quality polymorphic InDel sites were obtained by further filtering using the follow-
ing criteria: (i) InDels are not on repeat regions in the genome, (ii) multi-allelic InDels, and (iii)
the size of an InDel is more than 20 bp. Additionally, the length of the PCR product of the
InDel was required to be within the range of 150–300 bp to enable separation by agarose gel
electrophoresis. Genetic diversity parameters such as polymorphic information content (PIC),
heterozygosity (Het), minor allele frequency (MAF) and gene diversity index (GDI) were
calculated using the Python 3.12.4 script (https://github.com/Lvmingjie/indel-seq, accessed
on 16 May 2024).

2.3. InDel Primers Design and Selection

Primer design was carried out using Primer3 software [28]. The 100 bp upstream
and downstream sequences of each InDel were extracted. The primer design parameters
were set as follows: (1) GC content less than 60%; (2) primer size between 18 bp and
22 bp; (3) melting temperature (Tm) between 55 ◦C and 62 ◦C. Primer sequences that
amplify unique loci were selected using e-pcr software (v.2.3.12) [29]. Subsequently, the
genotype distribution data were analyzed, and 24 primer pairs exhibiting an even genotype
distribution were chosen for further experiments.

2.4. InDel Genotyping

A total of 24 pairs of synthesized primers were screened using PCR amplification
and agarose gel electrophoresis (Table S3). Based on the gel results, the core markers were
selected based on the following principles: multiple and clear bands, insertion or deletion
sizes over 20 bp and tendency to be located on different chromosomes. Finally, eleven core
primers were chosen for the subsequent amplification of DNA from 123 grape samples
(Table S3). PCR amplification was conducted in a 25 μL reaction volume containing 2 μL
DNA (50 ng/μL), 0.25 μL forward primer (10 μM), 0.25 μL reverse primer (10 μM), 12.5 μL
2x Taq Master Mix and 10 μL ddH2O. The amplification process was carried out using an
Applied Biosystems Veriti Thermal Cycler with the following conditions: 98 ◦C for 5 min,
35 cycles at 95 ◦C for 20 s, 56 ◦C for 20 s, and 72 ◦C for 20 s, followed by a final extension at
72 ◦C for 10 min and a concluding step at 4 ◦C to halt the reaction. Subsequently, 5 μL of
the PCR products were separated by 2% agarose gel electrophoresis, and band information
was visualized under UV light. The bands on the agarose gel electrophoresis profiles were
recorded sequentially from smallest to largest as “1” “2” “3”, with the absence of a band
recorded as “0”. For example, a single band was noted as “1_1”, and double bands were
noted as “1_2”. This information was used to conduct further genetic analysis.

Since gel electrophoresis was not sufficient to fully discriminate the genotyping results,
sequencing was used for further genotyping in this study. Eleven adapter-equipped
core primers and universal barcode primers were used for two rounds of amplification.
The universal barcode primers and PCR system used in this experiment were based on
the system described in the study by Liu et al. [30]. Products from the second round
of amplification, originating from distinct individual plants, were then mixed in equal
amounts and subjected to 150 bp paired-end NGS. The sequences of each target site
were decoded using a custom script. To avoid and exclude sequencing errors, we set
filtering requirements: total reads per well 1000; each genotype ≥ 100; Top1 percentage
of genotypes per well ≥ 30%; Top2/Top1 percentage of genotypes per well ≥ 30%. This
confirms the presence of the genotype in the sample, thereby improving the accuracy of
the sequencing results.
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2.5. Phylogenetic Analyses

The phylogenetic tree was constructed using FastTree (v2.1.11) [31] and illustrated
with FigTree (v1.4.4) (http://tree.bio.ed.ac.uk/software/figtree/, accessed on 10 December
2023). Principal Component Analysis (PCA) was performed using GCTA (v1.940) soft-
ware [32] and PCA diagrams were generated using the R 4.4.1 language (https://github.
com/Lvmingjie/indel-seq/MM_InDel, accessed on 16 May 2024).

3. Results

3.1. Screening of InDels Markers

To select a set of stable and polymorphic multi-allelic InDel markers, we developed
a rigorous filtering pipeline (Figure 1A). A total of 126,493,127 InDels were identified
using 499 grape resequencing data (Figure 1B). Subsequently, 80 high-quality and highly
polymorphic markers were retained based on the following criteria (Figure 1C; Table S2):
(1) the number of InDel alleles ≥ 4; (2) InDel lengths between 20 bp and 100 bp; (3) the size
of each of the two types ≥ 20 cp; (4) no repeats within 100 bp upstream and downstream
of the InDel site; (5) missing rate ≤ 10%; and (6) maximum genotype frequency ≤ 50%.
Based on the genotype frequencies observed in 499 samples, 24 InDels were selected, with
uniformly distributed genotype frequencies across 19 chromosomes. Subsequently, based
on the PCR and agarose gel electrophoresis results of 24 InDels, a total of 11 primers, which
yielded clear and multiple amplified bands, were selected as the core markers (Figure 1D).

3.2. Genotyping of 123 Grape Lines Using Agarose Gel Electrophoresis

To investigate the genetic discriminability of the 11 core markers. We collected 123 elite
grape cultivars with diverse ecotypes and phenotypes in China. PCR and agarose gel
electrophoresis were used to analyze the 11 core multi-allelic InDels in the grape cultivars,
resulting in a total of 1353 distinct bands on agarose gel electrophoresis, indicating an
average polymorphism rate of 37.92% (Figure S1; Table S4). Based on the genotyping
results, GDI, Het, MAF and PIC values were calculated for the 11 InDels (Figure 2). The
PIC values of the InDels ranged from 0.305 to 0.566, with a mean of 0.407. Most (82%) fell
within the range of 0.3 to 0.5. The Het values ranged from 0.359 to 0.611, with a mean of
0.488. The average MAF was 0.306, ranging from 0.210 to 0.411. The average GDI was
0.4882, ranging from 0.359 to 0.611. These results indicate that the 11 candidate multi-
allelic InDels exhibited a high level of polymorphism, making them optimal markers for
grape fingerprinting.

3.3. NGS-Based Genotyping of 123 Grape Lines

In addition to agarose gel electrophoresis, NGS was performed on all 123 grape sam-
ples for further analysis. The genotyping outcomes derived from sequencing can provide
richer information on InDels (Table S5). NGS revealed a higher average polymorphism rate
of 61.12%. Based on the genotyping results, GDI, Het, MAF and PIC values were calculated
for the 11 InDels (Figure 2). The mean values for PIC, GDI and Het of the 11 markers were
0.860, 0.806 and 0.647, respectively, which were significantly higher than those revealed by
the gels.

3.4. Discrimination and Fingerprints of 123 Grape Lines

The InDel fingerprints were constructed based on the gels and NGS. Based on the
fingerprinting data, heatmaps were used to illustrate the unique genotypes of grapes
through distinct colors (Figure 3A,B). Two sets of genotype data from 123 accessions were
analyzed to assess the identification efficiency. The NGS-based fingerprints successfully
discriminated 122 accessions, achieving an identification efficiency of 99.18% (Figure 3D).
The only exception was observed for ‘Maple Leaf Grapes’ and ‘NO.8’, both of which are
round leaf grapes. The results based on agarose gel electrophoresis only distinguished
116 grape varieties. These results proved that the NGS method is more efficient than
agarose gel electrophoresis in the genetic discrimination of grape varieties (Figure 3C).
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Figure 1. Development of multi-allelic InDel markers in grapevine. (A) Pipeline for grapevine
fingerprint database construction based on multi-allelic InDel markers. (B) Gene (black line plot
in the outer track) and InDel (red line plot in the inner track) density derived from 499 grape
resequencing data across 19 chromosomes. (C) Physical location of 80 high-quality multi-allelic
InDels. A total of 24 highly polymorphic primers were labeled in red style. (D) Agarose gel
electrophoresis identification of 24 polymorphic InDels selected from the 80 high-quality markers. A
total of 11 markers in the red boxes were selected for further analysis.
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Figure 2. Genetic information of 11 core multi-allelic InDels. (A) Polymorphic information content
(PIC) of 11 core markers in 123 grape cultivars. (B) Gene diversity index (GDI) of 11 core markers in
123 grape cultivars. (C) Heterozygosity (Het) of 11 core markers in 123 grape cultivars. (D) Minor
allele frequency (MAF) of 11 core markers in 123 grape cultivars.

Figure 3. Fingerprinting of 123 grape cultivars. (A) The fingerprints of 123 grape cultivars based on
agarose gel electrophoresis results. (B) The fingerprints of 123 grape cultivars based on NGS. (C) The
number of genotypes identified by agarose gel electrophoresis and NGS. The y-axis was the genotype
number of markers revealed by NGS and gel. (D) The discernibility of different combinations of
11 multi-allelic InDel markers for 123 grape accessions.
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3.5. Phylogenetic Analyses of 123 Grapes

Phylogenetic trees of 123 grape varieties were constructed based on the genotyp-
ing data of gels and NGS. The NGS-based hierarchical cluster successfully classified the
123 grape samples into three distinct populations (Pop−1, Pop−2, Pop−3). Interestingly, in
Pop−1(ID 1–19), 71% of the grapes were rootstock, such as ‘cr1’, ‘cr2’, and ‘5BB♀’. ‘SP137’,
‘ST0998’, and ‘Zhuosexiang16’ were rootstock. Pop−2 (ID 20–64) included 45 species, most
of which were V. vinifera × V. labrusca hybrids, 18 were V. vinifera, such as ‘1103♀’ and
‘maple leaf grape’, and three interspecific hybrids within American populations. Among
the 59 Pop−3 varieties (ID 65–123), 73% consisted of V. vinifera, while 24% were hybrids of V.
vinifera and V. labrusca. Cultivars with relatively close relationships clustered together, such
as ‘5BB’, ‘101−14’, ‘Hongfushi’ and ‘Izu_Nishiki’, ‘Tianshan” and ‘Shaoxing_1’ (Figure 4C).
The clustering diagram indicates that multi-allelic InDel markers can significantly reflect
the genetic variation within grapevine populations and exhibit strong varietal differentia-
tion ability. Compared to the gel-based results, the clustering tree constructed based on
NGS provides a more comprehensive and accurate differentiation of grape populations
(Figure 4A). In addition, the dispersion in PCA subgroups of NGS-based genotyping was
clearer than that of gel-based, which coincided with the results of the hierarchical clustering
(Figure 4B,D).

 

Figure 4. Population structure analysis of 123 grape cultivars. (A) The phylogenetic tree of 123 grape
cultivars based on agarose gel electrophoresis results. (B) PCA analysis based on agarose gel elec-
trophoresis results. (C) The phylogenetic tree of 123 grape cultivars based on the NGS results.
(D) PCA analysis based on the NGS results. All colors were marked according to the NGS results:
Pop−1 (red), Pop−2 (green) and Pop−3 (purple).
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4. Discussion

The grape, an important economic fruit crop with a storied history of cultivation and
diverse varieties, is ranked as one of the world’s most extensively cultivated fruit crops [33].
The cultivation of V. vinifera extends across diverse geographical regions, facilitating fre-
quent exchanges of cultivars and common interspecific hybridization, which complicates
the taxonomy and identification of varieties [34]. InDel molecular markers, known for their
polymorphism and genetic stability, are crucial tools for crop genetic improvement, varietal
identification and functional genomics research. Their application spans population genetic
analysis, molecular breeding and medical diagnostics, demonstrating their potential to
augment genetic improvement and germplasm innovation across various species [35–38].
Despite the successful application of InDel markers in several crops and organisms, a dedi-
cated InDel-based fingerprinting system for grapevines remains elusive. The establishment
of an efficient and precise fingerprinting platform is imperative for the identification of
grapevine varieties and population genetic analysis.

The rapid development of NGS has provided unprecedented opportunities for ge-
nomic research. Although the cost of NGS technology is continuously declining, the cost
of high-throughput sequencing is still high, especially in large-scale sequencing projects.
Multiplex sequencing is a practical approach to address the issue. By pooling the DNA or
RNA of multiple samples, this approach significantly reduces experimental costs, reagent
expenses and manpower resources. The Hi-TOM platform is an online platform for the
sequencing of multiple samples and multiple target sites. The Hi-TOM strategy markedly
conserves time and cost, proving to be more economical and expedient, especially when
applied to a large number of samples or loci. To ensure the quality of multiplex sequencing,
the demultiplexed method and InDel genotyping strategy are important. By fixing the
bridge sequences and barcoding primers, the Hi-TOM tool has high reliability and sensi-
tivity in tracking various mutations, especially complex chimeric mutations, frequently
induced by genome editing. Consequently, multiplex sequencing based on the Hi-TOM
sequencing platform was chosen for the identification of NGS-based indel marker in this
study. To eliminate sequencing errors and enhance the identification accuracy of InDel
markers, we developed a comprehensive filtration method for multi-allelic InDels based
on several parameters, such as the read depth, heterozygosity, missing rate in population.

Multi-allelic InDels, characterized by the multiple insertions or deletions in single lo-
cus, exhibit higher polymorphism than traditional SNPs or InDels. However, the resolution
of gel electrophoresis may not be able to identify all events of InDels. The high sensitivity
of NGS enables the accurate detection of small insertion or deletion events, making it
possible to identify more genotypes of an InDel. In this study, we developed a pipeline,
including data quality control, genotype phasing and variety fingerprinting, for the analysis
of NGS-based multi-allelic InDels. The NGS-based identification recalled all genotypes
obtained from gel electrophoresis and demonstrated higher discrimination power.

Using 11 multi-allelic InDel markers, we performed genotyping of 123 grape cultivars,
including Eurasian species, American species and European and American hybrids. The
grapes exhibited a high degree of Het, with values ranging from 0.429 to 0.762, and a mean
value of 0.647. These values were higher than those reported in previous studies [39]. Due
to the polymorphic nature of InDel markers, their PIC values are relatively high, ranging
from 0.398 to 0.981. The average PIC value in this study was 0.86, which is higher than the
PIC value of 0.38 for SNP markers [40] and 0.33 for broccoli [41], indicating a higher rate of
polymorphism of 11 multi-allelic InDels. The average GDI value was 0.806, which is higher
than the value of 0.271 observed in winter wheat [42]. Among the InDel markers, 81.82%
had GDI values ranging from 0.7 to 1, indicating the higher level of GDI of the core markers.
The 11 NGS-based core markers used in this study could discriminate 122 grape varieties,
resulting in an identification efficiency of 99.18%. The remaining unseparated ‘Maple Leaf
grapes’ and ‘No. 8’ were round-leafed grapes. This study suggests the superiority of NGS
over agarose gel electrophoresis in genetically discriminating grape varieties.
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5. Conclusions

Molecular markers and fingerprints are crucial in the marker-assisted breeding and
varietal identification of grapevines. In this study, we developed a novel, effective and high-
throughput pipeline for multi-allelic-InDel selection and identification. Using this pipeline,
we developed 11 high polymorphic multi-allelic InDel markers based on 499 resequencing
data for the genetic discrimination of grapevines. We performed genetic identification
of 123 grape cultivars using agarose gel electrophoresis and NGS. The NGS-based InDel
markers processed a higher rate of polymorphism and showed a superior performance in
the genetic discrimination of grapes compared to the gel approach. Our work provides a
practical workflow for multi-allelic InDel marker development and valuable tools for the
genetic discrimination and marker-assisted breeding in grapes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10070752/s1, Figure S1: Agarose gel electrophoresis
results of 123 grape samples using 11 core multi-allelic InDel markers; Table S1: Grape resequencing
data used in this study; Table S2: 123 grape cultivars used in this study; Table S3: Information for
80 high-quality multi-allelic InDel primers; Table S4: Genotyping results for 123 cultivars based on
agarose gel electrophoresis; Table S5: Genotyping results for 123 cultivars based on NGS.

Author Contributions: Conceptualization, M.L. and J.H.; methodology, N.Z. and M.L.; software, G.J.;
validation, G.J., M.L., Y.Y., H.Z. (Hong Zhang), Y.G., Q.W. and R.C.; formal analysis, G.J.; investigation,
M.L.; resources, J.H., Q.J., J.J., H.Z. (He Zhang) and J.W.; data curation, G.J.; writing—original draft
preparation, G.J.; writing—review and editing, G.J. and M.L.; visualization, G.J.; supervision, M.L.;
project administration, N.Z.; funding acquisition, J.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Tianjin (23JCYBJC00770
to M.L., 22JCYBJC00190 to Y.Y.), the National Natural Science Foundation of China (32302579 to
Y.Y.), the China Agriculture Research System of MOF and MARA (CARS-29-2 to J.H.), the Innovative
Research of Seed Industry of Tianjin Academy of Agricultural Science (2022ZYCX014 to J.H.) and
the Innovative Research and Experimental Projects for Young Researchers of Tianjin Academy of
Agricultural Science (2021002 to N.Z.).

Data Availability Statement: The raw sequence data reported in this paper have been deposited in
the Genome Sequence Archive in the National Genomics Data Center of China (GSA: CRA016408) that
are publicly accessible at https://ngdc.cncb.ac.cn/gsa (accessed on 11 May 2024). The analysis scripts
for this study are deposited in the online repository at https://github.com/Lvmingjie/indel-seq
(accessed on 16 May 2024).

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Dong, Y.; Duan, S.; Xia, Q.; Liang, Z.; Dong, X.; Margaryan, K.; Musayev, M.; Goryslavets, S.; Zdunić, G.; Bert, P.-F.; et al. Dual
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Abstract: The genus Vitis, known for its economically important fruit—grape—is divided into three
geographical groups, American, East Asian, and Eurasian, along with a hybrid group. However,
previous studies on grape phylogeny using chloroplast genomes have been hindered by limited
sample sizes and inconsistent methodologies, resulting in inaccuracies. In this study, we employed the
GetOrganelle software with consistent parameters to assemble the chloroplast genomes of 21 grape
cultivars, ensuring comprehensive representation across four distinct groups. A comparative analysis
of the 21 grape cultivars revealed structural variation, showing chloroplast genome sizes ranging
from 160,813 bp to 161,275 bp. In 21 Vitis cultivars, genome annotation revealed 134 to 136 genes,
comprising 89 to 91 protein-coding genes (PCGs), 37 tRNAs, and 8 rRNAs. Our observations have
pinpointed specific occurrences of contraction and expansion phenomena at the interfaces between
inverted repeat (IR) regions and single-copy (SC) regions, particularly in the vicinity of the rpl2,
ycf1, ndhF, and trnN genes. Meanwhile, a total of 193 to 198 SSRs were identified in chloroplast
genomes. The diversification pattern of chloroplast genomes exhibited strong concordance with
the phylogenetic relationships of the Euvitis subgenera. Phylogenetic analysis based on conserved
chloroplast genome strongly clustered the grape varieties according to their geographical origins.
In conclusion, these findings enhance our understanding of chloroplast genome variation in Vitis
populations and have important implications for cultivar selection, breeding, and conservation efforts.

Keywords: chloroplast genome; grape; phylogenetic analysis

1. Introduction

Belonging to the Vitaceae family, grapes are a crucial crop with significant global
importance due to their widespread cultivation and economic value [1]. The genus Vitis
is divided into two subgenera, Euvitis and Muscadinia, with all economically important
wine, table, and raisin grapes belonging to Euvitis [2,3]. The Euvitis subgenus encompasses
approximately 70 species, comprising over 23,000 cultivated varieties, predominantly
distributed across the Northern Hemisphere [4]. Geographically, the Euvitis subgenus can
be categorized into three distinct groups, the American group, the East Asian group, and
the Eurasian group, with an additional category encompassing hybrids derived from these,
collectively termed the Hybrid group [5]. Currently, the dominant grape species under
cultivation largely comprise Vitis vinifera cultivars, originating within the Eurasian group,
and are primarily utilized for the purpose of winemaking [6]. However, hybrids have
gained significant traction in certain regions, notably for table grape cultivation [7]. In
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light of recent efforts to explore the diversity of grape genetic resources and to develop
a plethora of high-quality hybrid cultivars, there is a paucity of comprehensive studies
elucidating the evolution of Vitis [8].

The chloroplast, a pivotal organelle in plants, serves not only as the site of photosyn-
thesis but also as a hub for a myriad of other metabolic pathways [9,10]. Characteristically,
the chloroplast contains its own genome, which is distinct from the nuclear genome, and
it typically lacks recombination, following a uniparental mode of inheritance [11]. The
chloroplast genome is rich in a large number of diverse gene loci and non-coding regions,
replete with substantial DNA sequence data, and it has been lauded as a potent instrument
for phylogenetic analysis [12,13]. This facilitates the advancement of species identification
methodologies and the formulation of conservation strategies. The complete chloroplast
genome is thus regarded as a foundational resource for unraveling phylogenetic evolution
and for the accurate classification of plant relatives.

Advancements in next-generation sequencing technology have made it relatively
easy to obtain the complete chloroplast genome of plants, such as grapes [14]. Most
angiosperm chloroplast genomes exhibit a highly conserved structure, typically organized
into a quadripartite arrangement consisting of a large single-copy (LSC) region, a small
single-copy (SSC) region, and a pair of inverted repeats (IRs) [15–17]. Generally, angiosperm
chloroplast genomes encode between 110 and 130 genes, with genome sizes ranging from
120 to 160 kb [18]. Variation in genome size is primarily attributed to the expansion,
contraction, or even loss of IR regions [19]. In the vast majority of angiosperms, the
chloroplast genome is maternally inherited.

Chloroplast genomes have proven to be invaluable tools for understanding the phy-
logenetic relationships among different plant taxa. For instance, studies on rice have
utilized complete chloroplast genome sequences to elucidate the evolutionary links be-
tween cultivated rice and its wild relatives, providing insights for crop improvement
and conservation strategies [20,21]. In the legume family, the unique structural features
of chloroplast genomes, including extensive rearrangements and inversions, have been
shown to play a significant role in phylogenetic studies, offering critical insights into the
domestication of crops such as soybean and various species of beans [22–24]. Research on
citrus chloroplast genomes has confirmed that phylogenetic analyses can uncover common
ancestors among related genera and provide information on selective pressures influencing
gene evolution, as observed in the matK and ndhF genes [25,26]. These findings underscore
the broad applicability of chloroplast genomics in reconstructing evolutionary histories
and understanding the adaptive mechanisms of diverse plant lineages.

Over the last two decades, researchers have extensively explored the phylogenetic
relationships within the Vitaceae family and the Vitis genus. In a foundational molecular
study, Soejima and Wen (2006) reconstructed the phylogeny of Vitaceae, proposing five major
clades [27]. Despite their contribution, the limited sampling of both taxa and molecular
markers hindered the resolution of deeper evolutionary relationships within the family.
With the development of next-generation sequencing (NGS) technologies, Zhang et al.
undertook a comprehensive genomic study of chloroplast and mitochondrial sequences
from 27 species [28]. Their findings further resolved the deep phylogenetic structure
of Vitaceae, strongly supporting the division of the family into five distinct clades. This
work underscores the value and reliability of chloroplast genome analysis in constructing
phylogenetic frameworks.

Numerous studies have employed chloroplast genomes to investigate the phylo-
genetic relationships of Vitaceae and its evolutionary position within the rosid clade and
angiosperms [29,30]. However, phylogenetic research specifically addressing species within
the Vitis genus using chloroplast genome data is still insufficient. Comparative analyses of
Vitaceae chloroplast genomes remain incomplete, with some studies lacking coverage of
all four major Vitis groups, which restricts their capacity to fully represent the diversity of
Vitis species. Furthermore, in the realm of comparative chloroplast genomics, disparities in
the choice of reference genomes and assembly methodologies employed hinder the direct
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comparability of assembled chloroplast sequences. The primary objective of this study is
to provide a comprehensive, unified analysis of the chloroplast genomes of Vitis species,
addressing gaps in previous research that have either lacked complete representation of the
major Vitis groups or employed inconsistent methods for genome assembly. Specifically,
we aim to assemble high-quality, consistent chloroplast genomes across all four major Vitis
groups, compare their structural variation, and construct a phylogenetic tree that accurately
reflects the evolutionary relationships within the Vitis genus. This will help to overcome the
limitations of previous studies by offering a standardized reference for chloroplast genome
analysis, ensuring greater comparability and consistency in future research. In the present
study, we amassed, assembled, and annotated the genome sequencing data of 21 grapevine
cultivars, spanning four distinct clusters, leveraging a unified reference genome and assem-
bly protocol. Subsequently, we conducted a detailed comparative genomic analysis of the
chloroplast genomes of the selected species, employing a variety of bioinformatic tools to
assess sequence variation, structural differences, and phylogenetic relationships, aiming to
decipher the phylogenetic trajectories of the select species within this diverse assortment.

2. Materials and Methods

2.1. Collection of Raw Data for Grapes Sequencing

Our investigation hinged upon a broad spectrum of genome sequences, encompassing
those newly acquired within our laboratory’s confines and those previously reported by
other academic research entities. The raw sequencing data for these grapes are publicly
accessible via the NCBI Sequence Read Archive (SRA) database or the National Genomics
Data Center (NGDC) database, with specific accession numbers detailed in Table S1.

2.2. Genome Assembly and Annotation

In this study, we processed a dataset of 21 samples. First, we performed a rigorous
quality control step by assessing the raw data using FastQC (version 0.12.1) to identify any
potential issues [31]. Subsequently, Trimmomatic (version 0.39) was employed with default
parameters to meticulously filter out adapters and low-quality reads, ensuring a clean
dataset for downstream analysis [32]. In our efforts, we utilized GetOrganelle (version 1.7.1)
to execute a highly efficient de novo assembly [33], applying the following parameters:
the chloroplast type was “embplant_pt”, the assembly process was iterated 10 times, and
we specified a k-mer size of 121 for the SPAdes assembly algorithm. The circular plastid
graphs generated were validated using Bandage (version 0.8.1), ensuring the quality and
authenticity of the assembled sequences [34]. Annotation of the plastomes from the 21 Vitis
cultivars was carried out with the aid of the GeSeq (https://chlorobox.mpimp-golm.mpg.
de/geseq.html, accessed on 3 September 2024) tool, adopting Vitis vinifera (GenBank accession
NC 007957) as the guiding reference [35]. To visually provide a portrayal of the 21 genome
maps of Vitis cultivars, we employed OGDRAW (https://chlorobox.mpimp-golm.mpg.de/
OGDraw.html, accessed on 3 September 2024), offering a detailed visualization that captures
the intricacies of the genomic structure [36].

2.3. Comparative Analysis of Chloroplast Genomes

To elucidate the extent of plastome divergence across 21 Vitis cultivars, we conducted
a comparative genomic analysis utilizing the mVISTA (https://genome.lbl.gov/vista/
mvista/submit.shtml, accessed on 5 September 2024), online tool in the default mode, with
Vitis vinifera as our reference species [37]. Additionally, we aligned the complete chloroplast
genome sequences using the MAFFT (https://mafft.cbrc.jp/alignment/server/, accessed
on 5 September 2024)online server, configuring the parameters to “Same as input” for
UPPERCASE/lowercase and output order, and selecting “Adjust direction according to
the first sequence” for accurate alignment [38]. For a nuanced assessment of nucleotide
diversity (π), we employed DnaSP (version 6), utilizing a window length of 600 bp and a
step size of 200 bp, offering a fine-grained view of genetic diversity within the species [39].
The visualization of the boundaries of the inverted repeat (IR) regions was achieved
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through the use of IRScope (version 0.1.R) [40]. To identify dispersed repeats, encompassing
forward (F), palindromic (P), reverse (R), and complementary (C) variants, we utilized
REPuter (https://bibiserv.cebitec.uni-bielefeld.de/reputer, accessed on 5 September 2024),
configuring the maximum computed repeats threshold at 50 bp and the minimal repeat
size at 30 bp, while allowing for a Hamming distance of 3 bp, ensuring a rigorous analysis
framework [41]. Furthermore, we utilized MISA (https://webblast.ipk-gatersleben.de/
misa/, accessed on 5 September 2024) to detect simple sequence repeats (SSRs) across
Vitaceae species, setting detection thresholds at 12 for mononucleotide, 6 for dinucleotide,
5 for trinucleotide, 3 for tetranucleotide, pentanucleotide, and 2 for hexanucleotide SSRs,
thereby ensuring a thorough examination of repetitive genomic motifs [42].

2.4. Phylogenetic Tree Construction

In our analysis, we constructed a phylogenetic tree leveraging a dataset that integrates
21 chloroplast (cp) genome sequences previously employed in this manuscript, in con-
junction with 27 additional sequences obtained from the SRA database. The selection of
outgroups was a critical step in our analysis; we opted for Parthenocissus heptaphylla and
Parthenocissus tricuspidata to serve in this capacity, providing a comparative baseline that
facilitated the elucidation of the evolutionary relationships within the Vitis lineage.

2.5. Statistical Analysis

Statistical analysis of the data was performed using Microsoft Excel (2016). The bar
charts were created in Microsoft Excel. Heatmap visualizations for the relative synonymous
codon usage (RSCU) values was generated using TBtools software, 2.136 (https://github.
com/CJ-Chen/TBtools, accessed on 13 September 2024).

3. Result

3.1. Chloroplast Genome Features of Vitis Species

The complete chloroplast genomes of 21 species in the Vitis were successfully assem-
bled and a consistent pattern in the overall structure, gene sequences, orientation, and GC
content was identified (Figure S1). The lengths of the 21 Vitis plastomes ranged between
160,813 bp (V. heyneana) and 161,275 bp (V. rotundifolia). In each case, the cp genomes fea-
tured the standard arrangement of four connected sections: a pair of inverted repeats (IRs)
spanning 26,354 to 26,411 bp, separated by a large single-copy (LSC) region from 89,033 to
89,464 bp and a small single-copy (SSC) region ranging from 18,941 to 19,075 bp. The IR
regions exhibited a higher GC content (42.92–42.96%) than the LSC region (35.25–35.35%)
and SSC region (31.52–31.69%). In 21 Vitis cultivars, genome annotation revealed a total of
134 to 136 genes, including 89 to 91 protein-coding genes (PCGs), 37 tRNAs, and 8 rRNAs
(Table S2). The LSC region contained 84 to 86 genes, in contrast to the SSC region, which
housed only 11 to 12 genes. The IRa and IRb regions harbored 17 and 16 genes, respectively,
with an additional 5 to 6 genes located at the junctions between these regions, spanning
four connection points (Table S1).

A Python-generated graphical map of circular genomes was constructed to examine
sequence variations among the 21 chloroplast genomes in Vitis (Figure 1). This map
provides an in-depth look at both conserved and variable regions of the plastomes. The GC
skew is visualized by red lines, revealing strand bias often related to replication origins or
selective pressures. The GC content, represented by black lines, highlights regions that may
be influenced by different evolutionary constraints, with intergenic regions showing greater
variation in both GC content and skew compared to the more conserved coding regions.
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Figure 1. Graphical map of circular genomes, providing the overall visualization of the 21 Vitis
plastomes. A circos diagram, crafted through Python, was employed to visually represent the or-
ganization of the 21 Vitis plastomes. The innermost level shows the arrangement of CDS genes (blue),
rRNA genes (red), and tRNA genes (green) along the DNA strands, highlighting the functional
elements and their distribution within the plastid genomes. GC Skew: Moving outward, the diagram
shows the GC skew with red lines, indicating the difference in guanine (G) and cytosine (C) content
between the forward and reverse DNA strands. GC Content: Next, the GC content is shown as black
lines, providing a quantitative measure of the genomic content of guanine and cytosine bases. BLAST
Analysis: The intermediate rings show the results of BLAST analyses of the plastome sequences.
Conserved regions across the grape varieties are color-coded according to the specific varieties, with
each variety’s corresponding color indicated in the center of the diagram. Variable loci are highlighted
in white, signifying regions where significant differences exist among the 21 Vitis plastomes. The
outermost ring denotes the plastid genome size in kilobase pairs.

In the plastid genomes of Vitis cultivars, encompassing a repertoire of 89–91 protein-
coding genes (PCGs), the initiation codons of rps19, psbC, and psbL exhibit non-canonical
configurations. Specifically, GTG replaces the standard ATG as the start codon in both
rps19 and psbC, while ACG assumes the role of the initiation signal for psbL.
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Our analysis of various grape species revealed a high degree of concordance in relative
synonymous codon usage (RSCU) values. Particularly, the RSCU values for TGG (1), GGC
(0.335–0.336), CAG (0.444–0.447), and CAA (1.553–1.556) varied within narrow margins.
The uniformity in codon usage suggests a common genetic strategy or physiological
constraint that may have shaped the evolution of grapevine genomes. Otherwise, AGA
(1.839–1.855), TTA (1.818–1.849), and GCT (1.824–1.848) displayed high RSCU values. In
contrast, AGC (0.324–0.333), CGC (0.326–0.333), and GGC (0.335–0.336) exhibited low
RSCU values. In the genetic code, 31 codons have an RSCU over 1, with the exception of
AUG, the initiator of translation, and UUG, which terminates invariably in the nucleotides
Adenine or Uracil (Figure 2 and Table S3).

Figure 2. Relative synonymous codon usage (RSCU) values in the 21 grape chloroplast genomes.
* Red represents higher RSCU values, while blue indicates lower RSCU values.

A quantitative analysis of simple sequence repeats (SSRs) across multiple grape cul-
tivars was conducted, and their abundances were evaluated. The number of SSRs in
the 21 chloroplast genomes examined ranged from 193 to 198, as shown in Figure 3A.
V. bellula, V. vinifera ‘1036 Heimo’, and V. rotundifolia had the highest SSR counts (198),
while V. acerifolia exhibited the lowest (193). The most common SSR type identified was
the hexa-nucleotide (P6), with the majority of SSRs ranging from 12 to 15 bp in length,
playing a crucial role in the development of molecular markers for varietal identification
(Tables S4 and S5).
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Figure 3. Simple sequence repeats (SSRs) in the 21 Vitis chloroplast genomes. (A) A bar chart
illustrating the distribution of different SSR types across the 21 Vitis plastomes, with p1 through p6
representing mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeats, respectively, and ‘c’ denoting
compound SSRs. (B) A bar chart displaying the distribution of SSRs based on size.

Based on REPuter software, we identified between 40 and 46 long repetitive sequences
(Figure 4 and Table S6). ‘1036 Heimo’ and ‘Huajia NO.8’ had the fewest (40), while ‘Himrod’
had the most (46). Additionally, there were notable differences in the counts of P, F, R,
and C types. Typically, the P, F, R, and C types occurred 21–23, 17–18, 2–4, and 0–1 time.
Notably, this includes 18 occurrences of the P type in V. rotundifolia, 16 and 19 of the F type
in V. pseudoreticulata × V. vinifera ‘Huajia NO.8’ and V. labrusca × V. vinifera ‘Shine Muscat’,
5 of the R type in V. rotundifolia, and 2 of the C type in V. vinifera × V. labrusca ‘Himrod’.

Figure 4. Distribution of four types of long repetitive sequences. Long repetitive sequences in
the 21 Vitis plastomes, categorized as forward (F), reverse (R), complement (C), and palindromic
(P) types.

3.2. The Comparison of Chloroplast Genome Sequences

Visualization of the IR/LSC and IR/SSC boundary locations highlights several key
gene positions (Figure 5). For instance, the rps19 and rpl2 genes consistently appear near
the LSC/IRb boundary in all plastomes, with rps19 spanning 233 bp in the LSC region,
except in V. rotundifolia, where it measures 234 bp. Likewise, rpl2 is positioned 114–116 bp
from the LSC/IRb boundary, except for V. rotundifolia, where it is 124 bp. The ycf1 and ndhF
genes are located at the IRb/SSC junction. With the exception of V. rotundifolia, V. riparia,
and V. coignetiae, the positions of ycf1 and ndhF follow two distinct patterns across the other
cultivars. Similarly, these two genes were identified at the IRa/SSC boundary of most
chloroplast genomes. Similarly, we found rps19 and trnH genes at the IRa/LSC boundary.
This suggests that these genes are conserved in the chloroplast genome.
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Figure 5. Comparison of the junctions between the LSC/SSC and IR regions among the 21 Vitis
chloroplast genomes, using cyan for LSC, orange for IRa and IRb, green for SSC.

Utilizing the Mauve (version 2.4.0), software, we assessed the collinearity of 21 Vitis
cultivars at the chloroplast genome level, as depicted in Figure 6. Our analysis reveals
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no instances of inversion or rearrangement within the chloroplast genomes, indicating a
high degree of conservation in the genomic architecture across these varieties. However,
sequence alignment identified 11 mutation hotspots; further functional annotation high-
lighted three protein-coding genes (petB, ycf1, and rpl32) with Pi > 0.005, and eight intergenic
and non-coding regions (trnK—rps16, rps16—trnQ, trnS—trnG, psbZ—trnG, ndhC—trnV,
accD—psaI, ndhF—rpl32, trnL—ccsA) with Pi > 0.005 (Figure 7). Further examination of the
highly variable genes revealed that most were linked to photosynthesis, involving subunits
of NADH-dehydrogenase (ndhC and ndhF), photosystem I (psaI), and photosystem II (psbZ).
This suggests that the photosynthetic system is regulated by these genes.

 

Figure 6. The Mauve alignment of 21 chloroplast genomes from Vitis. The reference genome utilized
in this analysis is Vitis Vinifera.
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Figure 7. The Mauve alignment of 21 chloroplast genomes from Vitis. The reference genome utilized
in this analysis is Vitis Vinifera.

Employing the annotated genome sequence of Vitis vinifera (NC_007957) as a bench-
mark, an mVISTA analysis was conducted to identify regions of divergence within the mul-
tiple alignments of 21 Vitis chloroplast genomes (Figure 8). The analysis revealed that the
highest levels of genetic variation were predominantly localized in the non-coding sequence
(CNS) regions, including intervals such as between rps16 and trnQ—UUG, trnS—GCU and
trnG—GCC, trnC—GCA and petN, and psbZ and trnG—GCC, among others. Conversely,
the untranslated regions and the majority of the coding sequence (CDS) regions exhibited a
high degree of conservation, with only minor sequence variations observed in select genes,
such as atpA. This suggests that while functional regions critical for essential processes are
highly conserved, the non-coding regions are thought to be less constrained by selective
pressures, allowing for higher variability that may reflect evolutionary processes.

Figure 8. mVISTA alignment for chloroplast genomes. Illustrated is an alignment of complete
chloroplast genomes from 21 Vitis species, with Vitis vinifera serving as the reference. Gray arrows
indicate gene direction, dark blue areas denote exons, light-blue signifies untranslated regions (tRNA
and rRNA), and pink shows non-coding sequences (CNS). Sequence identity is depicted on the
vertical scale, spanning 50% to 100%.
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3.3. Phylogenetic Analyses

To elucidate the evolutionary relationships among Vitis cultivars, we conducted a max-
imum likelihood phylogenetic analysis of 48 complete chloroplast genome sequences using
IQ-TREE2 (version 2.0.7) software (Figure 9). This dataset includes representative genomes
from various species, ensuring both the comprehensiveness and representativeness of
the analysis. In the resulting phylogenetic trees, distinct colors were used to differentiate
the various clades within the Vitis genus, clearly illustrating interspecies evolutionary
relationships. To ensure precise rooting of the phylogenetic tree, two outgroup species from
the genus Parthenocissus were incorporated, highlighted in gray. This strategy improved
the confidence of the phylogenetic inference and provided robust support for rooting Vitis.
The results revealed that all Vitis cultivars formed a well-supported monophyletic group,
further validating the hypothesis of Vitis as a distinct evolutionary lineage. Two primary
branches within the genus Vitis, corresponding to the subgenera Vitis and Muscadinia
(marked in purple), received strong bootstrap support. To further explore the evolution-
ary relationships within the subgenus Euvitis, a more detailed analysis was conducted,
revealing two major geographical clades, the Eurasian clade and the American group, with
the latter marked in blue. This division correlates closely with geographic distribution,
underscoring the significant role of regional flora in species evolution. Additionally, the
Eurasian clade was subdivided into an East Asian group (red) and a Eurasian group (green),
reflecting the radiation and adaptive divergence of grape species across Eurasia. These
findings not only offer fresh insights into the phylogeny and taxonomy of Vitis, but also
provide a strong theoretical foundation for understanding the evolutionary diversity within
this genus. Furthermore, the distinct branches in the phylogenetic tree clarify the global
distribution patterns and evolutionary relationships of Vitis cultivars, offering key insights
into their origin, migration routes, and environmental adaptation.

Figure 9. Phylogenetic tree of 48 Vitis cultivars. A maximum likelihood (ML) phylogenetic tree of
the complete chloroplast genomes was constructed using Parthenocissus as the outgroup. Cultivars
were color-coded based on their taxonomic status and geographic groups, with the outgroup in gray,
subgenus Muscadinia in purple, and the three geographic groups of subgenus Euvitis—American,
East Asian, and Eurasian—colored blue, green, and red, respectively. The numbers at the nodes of
the phylogenetic tree represent branch lengths.
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4. Discussion

4.1. The Architecture Features of the Chloroplast Genome

The chloroplast genome has long been recognized as a key genetic tool for reconstruct-
ing the evolutionary histories of plant species, including grapes. Its well-documented
circular DNA structure, comprising a large single-copy (LSC) region, a small single-copy
(SSC) region, and two inverted repeat (IR) regions, mirrors the structure found in previous
studies of Vitis chloroplast genomes [15–17]. In this analysis of 21 grape varieties, the
number of annotated genes ranged from 134 to 136, with the differences mainly due to
gene copy number variation, while no unique, variety-specific genes were identified. This
high level of gene conservation is consistent with earlier work on grape and other plant
chloroplast genomes, which have shown limited variability at the gene level [43]. It shows
that grape chloroplast genomes shared a high degree of similarity in length, GC content,
codon usage, and distribution of SSR loci and repetitive sequences [44]. While most coding
sequences (CDSs) and untranslated regions were conserved, minor variations were found
in certain genes such as atpA. V. bellula, and V. vinifera. The ‘1036 Heimo’ are distinguished
by their high SSR counts (198), whereas V. acerifolia has the lowest (193) [45,46]. Among
the SSRs, hexa-nucleotides (P6) are the most abundant. It is speculated that P6 type SSRs
play a significant role in the dynamics of chloroplast genomes (Figure 2, Table S3) [47]. The
variations observed in specific genes and SSRs, such as those in atpA, could play a role
in the species’ ability to adapt to specific environmental conditions. For instance, certain
SSR loci might be involved in modulating gene expression in response to abiotic stressors
like temperature extremes or drought, potentially contributing to the ecological success of
specific varieties in distinct geographical regions. Further functional studies are needed
to explore how these variations might influence the adaptability of these grape species.
These findings, like those in previous studies, open new avenues for developing molecular
markers and genetic tools to explore the evolutionary and taxonomic relationships within
the Vitis genus.

4.2. The Chloroplast Genome Comparison

The expansion and contraction of the inverted repeat (IR) and single-copy (SC) bound-
ary regions are regarded as pivotal evolutionary mechanisms that contribute to chloroplast
genome size variation [48]. In this study, as shown in Figure 5, a comparative analysis of
IR/SC junction positions across Vitis plastomes revealed substantial diversity. V. rotundi-
folia presented a unique boundary configuration, setting it apart from the other 20 Vitis
cultivars. Generally, closely related species are expected to display similar responses to
environmental stimuli, leading to modest changes in their IR boundaries, involving a small
gene repertoire. The variation observed in the IR/SC junctions in this study aligns with the
major phylogenetic clades within Vitis, suggesting that these boundary modifications may
reflect deeper evolutionary splits, further corroborating trends seen in previous chloroplast
genome studies [43,49].

4.3. The Phylogeny Revealed by Chloroplast

Phylogenetic relationships delineated through chloroplast genome analysis carry sig-
nificant weight in elucidating the evolutionary lineage of plant species. The progression
in genome sequencing and assembly technologies has offered a new dimension to phy-
logenetic investigations of the Vitis genus, capitalizing on the conserved and maternally
inherited attributes of plant chloroplast genomes. Accordingly, a phylogenetic tree utilizing
the complete chloroplast genome sequence was constructed. The phylogenetic structure
generated by IQtree showed high support values for branches corresponding to grape
cultivars from different geographic origins, whereas lower bootstrap values were observed
within cultivar groups from the same geographic region. The 48 chloroplast genomes
were broadly segregated into five major clades: an outgroup, V. rotundifolia, American
group, East Asian group, and Eurasian group. The phylogenetically close relationship
among Himrod, Shine Muscat, Beimei, and Jumeigui grapes further validates the maternal
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inheritance trait. Unlike prior research that reported a confusing intermingling between the
subgenus Muscadinia and subgenus Euvitis based on chloroplast rbcL and UTL sequences,
the phylogenetic tree constructed herein affirms a clear demarcation of Vitis into subgenus
Euvitis and Muscadinia [50].

5. Conclusions

An in-depth comparative study of the chloroplast genome structure across 21 Vitis
cultivars has uncovered valuable genomic resources, with the high degree of sequence
conservation providing invaluable insights into this subfamily and its evolutionary lineage.
Concurrently, the identification of 19 hotspot regions of mutation, comprising nine protein-
coding genes—namely atpF, rpoC2, rps18, psbC, atpB, rbcL, rps20, ycf1, and ycf15—and 10 non-
coding regions, including trnK—rps16, rps16—trnQ, trnE—trnT, psbZ—trnG, ndhC—trnV,
accD—psaI, ycf2—trnL, ndhF—rpl32, ccsA—ndhD, and trnL—ycf2—highlights the potential
of these photosynthesis-related variation sites as specific DNA barcodes. Additionally, a
maximum likelihood phylogenetic analysis of 48 complete chloroplast genomes revealed
that all Vitis cultivars formed a well-supported monophyletic group, confirming Vitis as
a distinct evolutionary lineage. Two primary branches within the genus were identified,
corresponding to the subgenera Euvitis and Muscadinia. Within the subgenus Vitis, further
analysis showed two major geographical clades: the Eurasian and American groups.
The Eurasian clade was further subdivided into an East Asian and a Eurasian group,
highlighting the influence of geography on species evolution. These findings provide
new insights into the evolutionary diversity, global distribution patterns, and adaptive
differentiation of Vitis species.
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Abstract: Peach (Prunus persica (L.)) is one of the major commercial stone fruit crops. A
genetic analysis of peach collections around the world is essential for effective breeding
programmes, and the development of genomic and marker-assisted selection. This study
focuses on research on peach collection at the Nikita Botanical Garden and aims to identify
single-nucleotide polymorphisms (SNPs) at the genome level and analyse the genetic diver-
sity, population structure, and the linkage disequilibrium (LD) pattern among 161 cultivars
and hybrids. A total of 288,784 SNPs were identified using the genotyping-by-sequencing
(GBS) approach and, after filtering, 7803 high-quality SNPs were used in the analyses.
The 161 accessions were clustered into two groups using principal component analyses
(PCoA) and seven populations by ADMIXTURE v.1.3 software, which was confirmed using
phylogenetic analyses. The distribution of the genotypes within subpopulations reflected
any fruit-related traits. A low level of genetic diversity and medium linkage disequilibrium
was detected in peach cultivars. The observed heterozygosity was lower than expected
and varied from 0.11 to 0.22 in genotypes with different origins. Our results based on
7803 SNPs were compared with those based on 12 microsatellite markers and differences
in clustering, observed heterozygosity, and phylogeny were identified. This highlights the
need to analyse collections using whole-genome approaches.

Keywords: peach; LD patterns; population genetics; GBS; SNP

1. Introduction

Prunus persica (L.) Batsch (peach) is a perennial fruit crop with ornamental and edible
varieties [1]. It is one of the most commercially important [2] and the third most cultivated
fruit crop in temperate climates, after apple and pear [3]. Peach is grown in more than
60 countries worldwide [4]. FAO data [5] show that its plantations cover more than
165 million hectares. Today P. persica is cultivated almost everywhere on all continents
except Greenland, northern regions of Europe, and some regions in central Africa.

As a species, peach originated about 2.5 million years ago in southwestern China.
The oldest peach stones were found in the Kuahuqiao (8000–7000 BC) [6]. According to
different hypotheses, peach domestication began 4000–7500 years ago in China [6,7]. The
crop spread to Europe about 2000 years ago, arriving via ancient trade routes through
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Persia [8,9]. Peach was introduced to the Americas by Spanish and Portuguese settlers,
with the first breeding programmes appearing there in the late 18th century [8,10,11]. With
the discovery of Mendel’s laws, there was a breakthrough in breeding programmes. A total
of 1092 cultivars of P. persica were registered from 1991 to 2001 [12]. A collection of peach
accessions is being developed and studied around the world (Table 1).

Table 1. Some peach collections in different countries.

Country Collection Accessions Number Reference

China Six major peach breeding institutes >600 [13]

USA
University of Florida 168 [14]

U.S. Department of Agriculture (USDA) 112 [15]

Spain Agrifood Research and Technology Centre of Aragon (CITA)
Experimental Station of Aula Dei (EEAD)-CSIC 287 [16]

Turkey Ataturk Central Horticultural Research Institute ≈50 [17,18]
Brazil Embrapa 900 [19]

Russia

Nikita Botanical Garden
North Caucasian Federal Scientific Center of Horticulture, Viticulture,

and Winemaking
Russian Research Institute of Floriculture and Subtropical Crops

>600 [20–22]

India Patharchatta of G. B. Pant University of Agriculture and Technology
ICARNational Bureau of Plant Genetic Resources 41 [23]

Italy MAS.PES Germplasm Bank 123 [24]
France INRA, National Institute for Agricultural research 28 [25]

One of the largest collections of stone fruits, especially peaches, in Russia is the
collection of the Nikita Botanical Garden, which has existed for over 200 years. There are
unique collections of peach, nectarine, apricot, almond, plum, cherry, and sweet cherry.
The P. persica collection has 624 specimens, including 150 specimens of nectarine and
ornamental peach (local varieties and selective forms of local breeding, and varieties from
North America, Southern Europe, Central Asia, and the Caucasus) [26].

The first studies analysing peach populations started in the 1980s and were based on
protein markers [27,28]; in the 1990s, molecular genetic methods such as restriction frag-
ment length polymorphism (RFLP) [29] and Random Amplified Polymorphic DNA (RAPD)
appeared [30]. To date, different SSR markers (simple sequence repeats or microsatellites)
have been used in most of the studies on peach population structure, where the number
of SSR markers used to study populations varies from 15 SSR markers [24] to 50 [31]; the
most-used series of microsatellites are BPPCT, UDP, CPPCT, and Pchgms [32–36].

With the development of next-generation sequencing (NGS) and the publication of
the complete peach genome [37], studies of genetic diversity using single-nucleotide poly-
morphisms (SNPs) of different peach collections are becoming an extremely relevant task,
as such data could be the basis for the search for SNPs associated with valuable agronomic
traits. A genome-wide association study (GWAS) compares the genomes (whole or part)
from many different cultivars to find the SNPs associated with a particular phenotype.
Therefore, genotyping peach collections using SNP instead of SSR markers could allow for
the detection of genome sites associated with agronomic traits.

Two approaches are used to identify SNPs in peach populations: array (9K SNP v1
peach array, 18K SNP v2 peach array) [16,38,39] and genotyping by sequencing (GBS) [40].
At present, such studies have been carried out for 287 accessions from two Spanish peach
germplasm collections (CITA and CSIC) [16,41,42], 183 accessions from MAS.PES Italy collec-
tion [43], 161 accessions from the Hexi Corridor and the Tarim Basin, Northwest China [44],
195 accessions from China, the USA, and Italy [45], 417 accessions from China [1,46,47],
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220 peach genotypes from Brazilian peach breeding germplasm [48], and 1576 peach acces-
sions from collections from Spain, Italy, France and China [38]. These collections do not
contain varieties of peach, which are present in the NBG collections. These studies on a
large number of varieties revealed some SNPs associated with the following agronomic traits:
maturation, fruit hairiness, fruit shape, flesh colour, texture, flesh colour around the stone,
fruit weight and soluble solid content, olecranon-type traits, seed characteristics (kernel taste),
pollen fertility traits, flower characteristics, resistance to diseases, and resistance to abiotic
factors, as chilling and drought [16,38,41–43,45–56].

However, none of the Russian peach collections have been studied using NGS methods.
The most recent study of the peach population structure of the Nikita Botanical Garden
collection was conducted on 85 peach cultivars using SSR [26].

This study is devoted to genotyping 161 peach accessions from the NBG collection
using GBS. This approach allowed us to describe genetic diversity, population structure,
and LD decay in more detail. Understanding the genetic diversity of each cultivar is the
basis for the improvement and breeding of peach varieties. Moreover, it is needed for the
next GWAS.

2. Materials and Methods

2.1. Plant Material

A total of 161 cultivars and hybrids of P. persica from the Nikita Botanical Garden
collection were investigated. Among the 161 accessions, 105 are local breeds and 35 are
from the USA. The rest of the 21 cultivars are from Armenia, Azerbaijan, Canada, France,
Italy, Moldova, Uzbekistan, Romania, Russia, Serbia, Spain, and Ukraine. The total list
of some cultivar features, such as their origin, fruit texture (melting/non-melting), flesh
colour (yellow, white, cream), and flesh adhesion (freestone, semi-free and clingstone) is
presented in the Supplementary Materials.

2.2. DNA Extraction, Library Preparation, and Sequencing

Genomic DNA was extracted from fresh young leaves using GeneJET Plant Genomic
DNA Purification Kit (ThermoScientific, Waltham, MA, USA), following the manufacturer’s
protocol. The DNA samples were quality-tested and quantified using a NanoPhotometer
N60 (Implen, Westlake Village, CA, USA) and electrophoresis on 1.5% agarose gel. The
DNA was diluted to 20 ng/μL concentration and used for the next library preparation.

High-quality genomic DNA (200 ng) from individual samples was digested in 20 μL
with the Msp I and Pst I restriction enzymes with NEBNext Cut Smart (New England
Biolabs, Ipswich, MA, USA) buffer, followed by adapter ligation and DNA purification
with KAPA Pure Beads (Roche, Basel, Switzerland). Each DNA sample was barcoded and
amplified by PCR (15 cycles). PCR products were purified again. Finally, library concentra-
tion was normalised to 4 nM. Libraries were sequenced using NextSeq550 Mid Output Kit
v2.5 (150 Cycles) with single-end 150 bp reads on the Illumina NextSeq550 platform.

2.3. Read Mapping and SNP Calling

To analyse the resulting libraries, we used the bioinformatic pipeline GBS-DP [57]
(Figure 1).

The pipeline consists of three main steps: (1) data preprocessing, (2) polymorphism
identification, and (3) genetic diversity analysis. Data preprocessing includes FastQC
v0.12.1, FastP v0.23.4 [58], and MultiQC v1.17 [59] programmes that perform quality
controls of raw reads and remove adaptors. The filtered reads for each sample were aligned
with the reference genome Prunus persica version NCBIv2 [37] downloaded from Ensembl
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plants [60]. For this purpose, we used bwa mem v0.7.17 [61]. Based on the mapping results,
the reading depth was calculated using Samtools depth v1.6 [62] and coverage across
the entire genome was ensured using bedtools genomecov v2.30.0. Variant calling was
performed with samtools mpileup in combination with bcftools call [63]; both were run
using the default options. The resulting SNP calls were filtered by MAPQ ≥ 30, missing
rate > 0.25, and MAF > 0.01 in order to obtain high-quality SNPs.

Figure 1. The diagram of the GBS-DP bioinformatics pipeline.

2.4. Clustering and Phylogenetic Tree Construction

The filtered files in VCF format were converted into the Genomic Data Structure (GDS),
with the R package SeqArray v1.46.0 [64], which allowed for the RAM to be reduced. Link-
age disequilibrium (LD) decay was calculated and visualised using PopLDdecay v3.43 [65]
software with default parameters. In the resulting file, the removal of redundant SNPs
based on linkage disequilibrium (LD) information (cutoff threshold 0.2) was performed by
means of SNPRelate v3.13 [64].

For filtered polymorphisms, a principal component analysis and phylogenetic tree
construction were carried out, also using the R package v4.2.3 SNPRelate. The phylogenetic
tree was constructed with the IQ-TREE v.2.2.2.6 programme [66]. It applied a maximum
likelihood algorithm based on multiple alignments of the sequences under study to con-
struct a phylogenetic tree. The bootstrap was chosen to be equal to 1000. The phylogenetic
tree was drawn and visualised using iTOL v7 [67].

2.5. Determination of Population Structure, Statistical Analyses, and LD

The population structure was determined using a filtered SNP of all individuals
that were used for PCA and phylogenetic tree construction. For this purpose, we used
ADMIXTURE v1.3 software [68] in combination with R package LEA [69]. The estimation
of clusters (K) was performed in ten replications using a K of 1 to 15. The population
substructure analysis was performed on an SNP dataset of individuals from 15 growing
regions populations. We used cross-validation error rates to determine the optimal K
value [68]. Our data were visualised using the LEA package v3.18.0.

Observed heterozygosity (Ho), expected heterozygosity (He), and inbreeding coeffi-
cient (FIS) at each locus for each population were obtained using the VCFtools v0.1.16
programme [63]. F-statistics (FST) between populations were obtained using PLINK
v1.90b6.12 [70]. For FST analysis, we used the following population combinations: NBG vs.
USSR, NBG vs. Europe, and NBG vs. USA.

132



Horticulturae 2025, 11, 189

Linkage disequilibrium (LD) decay was calculated and visualised by using PopLDde-
cay v3.43 [65] software with parameters ‘MaxDist’ = 100 kb and 3000 kb. We performed an
LD analysis of the whole set and of clusters that we determined based on the phylogenetic
tree analysis.

3. Results

3.1. SNP Identification

All GBS data for the 161 peach accessions were of good quality (Q20 ≥ 89%, Q30 ≥ 78%)
and the GC content was 45–49%. The total sequencing data volume was 43 Gb, with an
average of 3.18 million single-end 100 bp reads per accession.

On average, 90% of reads from each GBS library aligned with the reference genome,
but some accessions had a mapping rate of 75% (Figure 2a). The average sequencing
depth for the GBS reads was 6–7.5× and for over 25% of the samples, the sequencing reads
covered 5–8% of the peach reference genome (Figure 2b,c).

Figure 2. GBS quality. (a) The mapping rate of each sample. (b) The sequencing depth. (c) The peach
reference genome coverage.

Out of 288,784 polymorphic sites, an average SNP density of 546 SNPs per 100 kb was
detected after the quality filter. A total of 25,863 indels were revealed. More transitions than
transversions were identified for 262,921 SNPs, and the ratio of transition/transversion
was 1.31. The number of SNPs for each cultivar was estimated and to range from 3093 to
21,989 (Figure 3).

 

Figure 3. The number of SNPs for each cultivar.

All 288,784 SNPs were mapped across eight major scaffolds corresponding to peach
chromosomes (Figure 4). SNPs were widely and equally distributed over eight chromo-
somes except for the top end of chromosome 2, where the observed density of the SNPs
was three times higher than that of the other chromosomes. The most SNPs were observed
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on chromosome 1 (47,828 SNPs) and the fewest on chromosome 5 (21,348 SNPs), which is
correlated with chromosome length.

All detected SNPs were filtered with MAF > 0.01; a missing rate of 25% and 7803 high-
quality SNPs were obtained, which corresponds to an average of 34.4 SNPs/Mb (peach
whole-genome size is 227,411,381 bp). These 7803 SNPs were used for subsequent analysis.

 

Figure 4. SNP distribution across the eight peach chromosomes.

3.2. Population Structure

The population structure of the 161 peach cultivars from different countries was
analysed. According to three methods of cluster estimation (CV, deltaK, and L (K)), the
most probable number of populations at K = 7 was detected and used to describe the
population structure using ADMIXTURE analysis (Figure 5a).

Figure 5. Genome-wide SNP-based population genetic structure of 161 Prunus persica cultivars with
different origins from the NBG collection. (a) The estimation of the population number. The arrows
indicate the best value of K (b) Results of an ADMIXTURE analysis with K = 7. The different colours
represent different peach populations.
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Two values of the member threshold were considered when analysing the population
structure. All genotypes with a member threshold < 0.5 were identified as non-clustered
(NC) and grouped separately. The remaining accessions were divided into seven popula-
tions according to the maximum estimated membership of the inferred K groups (member
threshold > 0.5). Within each population, all accessions were divided into two groups. The
population membership for accessions with a score higher than 0.75 was considered reli-
able, while accessions with a membership value of 0.5–0.75 could be considered as partial
admixture. The 124 peach cultivars were divided into seven populations, and 37 accessions
were assigned to a non-clustered group (Figure 5b). The estimated population membership
of the inferred K groups for each cultivar is presented in the Supplementary Materials.

The two populations Pop2 (27 genotypes) and Pop6 (29 genotypes) were the most
abundant. These populations included peach with a different flesh colour (yellow or white)
and a variable stone adhesion (freestone, semi-free, clingstone). Some populations were
contained only peaches with melting flesh (Pop2, Pop3, Pop4), whereas Pop5 (10 genotypes)
and Pop7 (4 genotypes) consisted of melting-flesh peaches as well as those characterised as
non-melting. No significant correlation was observed between population grouping and
the fruit characteristics of the accessions.

The population structure was also obtained using the principal component analysis
(PCA) for the 7803 SNPs. All 161 accessions were annotated based on the results of the
ADMIXTURE when K = 7 (Figure 6).

Figure 6. Principal component analysis (PCoA) of 161 peach accessions based on 7803 SNPs. Colours
denote populations obtained via ADMIXTURE. Arrow points to the cultivar “Sovetskiy” and its
radio mutants.

PCoA revealed two main clusters that corresponded to different populations. Cluster
C1 included Pop3, Pop5, and Pop6, whereas C2 consisted of Pop1 and Pop2. The admixture
group was divided into NC1 and NC2, which were separated according to the main
clusters. Also, Pop4 was divided between C1 and C2, where genotypes formed distinct
groups inside each cluster. This population includes the cultivar “Sovetskiy” and its radio
mutants (marked with arrows and named Pop4 (2) in Figure 6). The variety “Sovetskiy”
and one radio mutant were included in cluster C1, while the other radio mutants of this
variety formed a separate group in cluster C2. The PCoA also revealed no dependence
between the main clusters and the origin of the accessions or ecology–geographic groups.
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3.3. Genetic Diversity Analysis

Genetic variability was analysed for varieties with different origins: NBG, Europe,
and the USA. Varieties obtained under the USSR breeding programmes were analysed
separately (Table 2). The two main clusters resulting from PCoA were also analysed
separately. The differences between clusters are smaller than those between varieties
of different origins. Observed heterozygosity varied from 0.11 (NGB selection) to 0.22
(Europe); inbreeding coefficient varied from 0.38 to 0.55. In each sample, the observed
heterozygosity was less than He, with an inbreeding coefficient > 0. The maximum level
of FIS was observed in varieties from NBG and other USSR selection programmes. On
average, the studied peach varieties are characterised by a low heterozygosity (Ho = 0.11)
and a high level of inbreeding (FIS = 0.51).

Table 2. Population genetic diversity statistics: observed heterozygosity (Ho), expected heterozygos-
ity (He), and inbreeding coefficient (FIS).

Country/Breeder N Ho He FIS

NBG 114 0.11 0.24 0.51
USSR selection programme 22 0.14 0.32 0.55

USA 36 0.13 0.24 0.46
Europe 6 0.22 0.36 0.38

Cluster 1 87 0.12 0.22 0.43
Cluster 2 74 0.11 0.25 0.54

Total 161 0.11 0.22 0.51

The genetic differentiation between cultivars with different origins was tested using
an FST statistic estimated from pairwise analysis. Pairwise FST values were 0.0003 (between
NBG and USSR varieties), 0.02 (between NBG and Europe varieties), and 0.029 (between
NBG and USA varieties).

3.4. Phylogeny of 161 Peach Cultivars

The phylogenetic analysis based on 7803 SNPs revealed three main phylogroups: A, B
and C (Figure 7).

Figure 7. Phylogenetic tree of the 161 peach cultivars. The coloured boxes indicate the origins of the
varieties. The red dots denote the value of the bootstrap support.
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The phylogeny results correlated with those of the PCoA clustering, but not completely.
Phylogroup A corresponds to cluster C2; phylogroup C corresponds to C1. Phylogroup B
represents a separate branch with high level of bootstrap support and consists of genotypes
belonging to both cluster C1 and cluster C2. Each phylogroup is subdivided into subgroups
and reflects the populations identified by ADMIXTURE analysis. Subgroup A1 mainly
contains genotypes from the Pop2 population and a few admixture genotypes. Subgroup
A2 includes genotypes from the Pop1 population and a few genotypes from the Pop2
population, with a membership score of 0.5–0.75. Subgroup A3 includes all genotypes from
Pop7 and non-clustered populations. Genotypes from the Pop5 and Pop4 populations,
respectively, represent subgroups B1 and B2. In phylogroup C, three subgroups, C1, C3,
and C4, revealed a considerable admixture, while C2 consists of the genotypes from Pop3
and subgroup C5 consists of genotypes from Pop6. Thus, phylogenetic analysis revealed a
stronger differentiation of the isolated populations than the PCoA analysis. We can identify
phylogenetic subgroups with a high level of bootstrap support, represented predominantly
by genotypes from one population (A1, A2, B1, B2, C2, or C5), while genotypes with
membership scores < 0.5 represent other phylogenetic subgroups. A correlation between
phylogenetic clades and the place of origin of the varieties was also not found. This could
be explained by the fact that the same parental forms may be used during hybridisation in
breeding centres in different countries or when cultivars with different origins are used as
parental forms. All this leads to a lack of correlation between the origin of varieties and
phylogenetic clades.

3.5. Linkage Disequilibrium

The LD estimates (measured as r2) and the extent of LD decay were calculated in the
two clusters obtained with ADMIXTURE (C1 and C2), as well as in all 161 peach genotypes
(Figure 8).

Figure 8. Linkage disequilibrium measures (r2) using the physical distance between pairs of 7803 SNP
markers. (a) LD decay for all 161 peach accessions until 100 Kb. (b) LD decay for all 161 peach
accessions until 3000 Kb. (c) LD decay for genotypes from cluster C1. (d) LD decay for genotypes
from cluster C2.
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The average value in the whole set was 0.1, the average value in C1 was 0.45, and the
average value in C2—0.41. The r2 was lower than 0.2 at around 14 Kb in all accessions.
Different LD patterns were observed in the two clusters (Figure 8c,d). In cluster C1, r2

decreased below 0.02, at approximately 29 Kb, decreasing two times more than in cluster
C2 (around 15 Kb).

4. Discussion

Peach breeding is a long and labour-intensive process. One of the main tasks is to anal-
yse collections using molecular methods (SSR or ISSR markers), assessing genetic variability
and population structure and determining the degree of the relationship between different
varieties. At the same time, with the development of whole-genome sequencing, genomic
selection is beginning to develop, improving the efficiency of breeding programmes. This
requires the use of whole-genomic approaches to study different collections instead of tradi-
tional microsatellite markers. The Nikita Botanical Garden peach collection was previously
partially (85 peach accessions only) studied using 12 SSRs [26]. Thus, this work is the first
to investigate the genetic diversity and population structure of 161 peach cultivars from
the NBG collection on a genome-wide scale. Our results revealed some differences when
examining the collection using SSR markers and GBS, which are discussed further below.

Due to the small size of the peach genome and the sufficient genome coverage (5–8%),
288,784 SNPs were obtained, of which only 7803 SNP markers were retained after filtering.
This is explained by the fact that GBS is a sequencing approach that results in a high missing
rate and a high minor allele frequency. The number of SNPs obtained for further analysis
is comparable to other studies, where the number of SNPs before filtering ranged from
9998 [40] to 4,063,377 [46]. Despite the high loss of SNPs after filtering (missing rate > 0.25,
MAF > 0.01), which is typical for GBS data, this approach allows for more data to be
obtained compared to the 9K SNP v1 peach array and the 18K SNP v2 peach array, where
the number of possible SNPs is limited [16,38]. It has also been shown that the number of
filtered SNPs can be increased by increasing the number of accessions [40].

An analysis of the distribution of 288,784 SNPs across all peach chromosomes showed
the highest density of SNPs at the top of chromosome 2. The same data were obtained
when comparing P. persica and P. ferganensis based on 953,357 SNPs [37]. This is probably
explained by the fact that these species have a higher density of genes on chromosome 2,
encoding receptor proteins from the family of conserved nucleotide-binding leucine-rich
proteins (R-proteins), which are involved in immunity and have greater genetic variabil-
ity [71]. No other regions of the genome with an increased SNP density were identified.

The analysis of genetic variability based on SNPs showed a lower mean value of the
observed heterozygosity (Ho = 0.11) in the NBG peach collection compared to the previous
study based on SSR (Ho = 0.31) [26]. A lower value of observed heterozygosity using SNPs
compared to SSR markers was also reported in other studies of peach collections in Europe,
Brazil, and China [16,38,48]. Such differences in the estimation of heterozygosity using
SNP and SSR markers are explained by the bi-allelic nature of SNPs, in contrast to the high
number of SSR alleles and could differ [72].

Differences were found between peach accessions from the NBG collection and other
peach genotype datasets that were studied. The lower value of observed heterozygosity
in the NBG peach collection compared to other studies, e.g., the analysis of the Brazilian
collection (Ho = 0.29) [48] or analysis of 1580 peach genotypes from different countries
including China (Ho = 0.28–0.33) [38], is explained by the specificity of the collections that
were investigated. It is known that peach populations in China are characterised by higher
genetic diversity compared to other countries. A limited number of peach cultivars from
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China were introduced to Europe and then to America, and this led to the use of a limited
number of founders in breeding programmes and resulted in reduced genetic variability
and high linkage disequilibrium (LD). The peach collection of the Nikita Botanical Garden
largely contains varieties from the USA and Europe, which make up a large part of the
collection and are often used as parental forms. At the same time, the NBG collection
contains a poor representation of varieties from China. This may explain the low value of
Ho = 0.11–0.22. A similar situation was observed in peach populations from Spain, where
Ho ranges from 0.11 to 0.24, which is comparable to the results for the NBG collection.
The LD estimates in this study also differ from those previously reported for peach [48],
where the LD decay dropped to below 0.2 within a distance of about 38 Kb, as opposed to
the distance of about 15 Kb observed in the present study. Moreover, other studies have
shown a correlation between population stratification and geographical origin [38,73,74] or
melting/non-melting flesh [16,31,38,48,73]. In this study, we did not find any correlation
between these characteristics and the population structure.

Such differences can be explained by the different sets of genotypes analysed or the
use of other restriction enzymes. All GBS studies on peach collections were carried out
using ApeKI restriction enzymes, whereas we used double-digest GBS with PstI/MspI,
resulting in a different set of SNPs. This approach has, so far, only been used for Prunus
rootstock [75]. This hypothesis about the effect of different restriction enzymes used for
GBS needs to be tested.

The PCoA and phylogenetic analysis showed the presence of two main groups (clusters
C1 and C2, corresponding to phylogroups A and C) and a third group containing genotypes
of the variety ‘Sovetskiy’ and its radio mutants (Figures 6 and 7). The variability within this
group of radio mutants is comparable to the variability between different varieties. Similar
results were obtained in the study of radio mutants of two chrysanthemum cultivars [76]
and require further study. In previous work using 12 SSRs, PCoA did not show such
clustering [26], probably due to the small number of markers used. A similar situation,
where PCoA based on SSRs does not detect clusters detected by SNPs, occurs in other
plants [77].

Differences between SSRs and SNPs were also found in population structure analyses
(using STRUCTURE and ADMIXTURE, respectively). In this paper, we determined the
best value for the number of populations K = 7, which correlates well with the results of
the phylogenetic analysis. Within the phylogroups identified, a subdivision into subgroups
corresponding to either distinct populations (subgroups A1, A2, B1, B2, C2, and C5) or
mixed genotypes (subgroups A3, C1, C2, and C4) was observed (Figure 7). Previously, only
four groups were identified based on microsatellite loci [26]. One group, separated from
other accessions studied by PCoA, corresponds to subgroup B2. Other groups separated
by SSR do not agree with our data based on SNPs. For example, the varieties ‘Asmik’
(subgroup C4), ‘Jerseyglo’ (subgroup C1), ‘Kievskij Samyj Rannij’ (subgroup C4), and
‘Zheltoplodnyj Rannij’ (subgroup A2) were erroneously assigned to one group. Such
differences in the analyses of the population structure of the peach collection are explained
either using molecular markers with a lower resolution (12 SSR markers vs. 7803 SNPs) or
by a limited set of genotypes (85 accessions vs. 161) [26]. Therefore, the findings support
the need to analyse collections using whole-genome approaches and SNP markers.

The study showed that the NBG peach collection had the lowest heterozygosity com-
pared to the other collections studied due to the peculiarities of the breeding programmes
and the limited number of parental forms. No relationship was found between the selected
populations and phenotypic characteristics or geographical origin. For the first time, it was
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shown that the variability within a group of peach radio mutants was comparable to the
variability between different cultivars.

Moreover, this study of the NBG collection using the GBS approach identified
7803 SNPs that can be used to further search for associations with agronomic traits. It
should be noted that peach genotypes of the NBG selection are not contained in other
collections and have not been investigated previously, so the information obtained in this
study may be useful to other breeding centres. The results obtained from this study of the
genetic variability and population structure in NBG peach collection could be used to select
a set for GWAS analysis and a validation set.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae11020189/s1, Table S1: Characteristics of the studied
peach cultivars.
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