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Analyzes of pan-genome and resequencing
atlas unveil the genetic basis of jujube
domestication

MingxinGuo 1,7 ,QunLian2,3,7, YeMei 2,7,WangwangYang 1, SunaZhao 1,
Siyuan Zhang 1, Xinfeng Xing 1, Haixiang Zhang 1, Keying Gao 1,
Wentong He4, Zhitong Wang4, Huan Wang 2, Jun Zhou5, Lin Cheng2,6,
Zhigui Bao 2, Sanwen Huang 2, Jianbin Yan 2 & Xusheng Zhao 1

Jujube (Ziziphus jujuba Mill.), belonging to the Rhamnaceae family, is gaining
increasing prominence as a perennial fruit crop with significant economic and
medicinal values. Here, we conduct de novo assembly of four reference-grade
genomes, encompassing one wild and three cultivated jujube accessions. We
present insights into the population structure, genetic diversity, and genomic
variationswithin a diverse collection of 1059 jujube accessions. Analyzes of the
jujubepan-genome, basedonour four assemblies and four previously released
genomes, reveal extensive genomic variations within domestication-
associated regions, potentially leading to the discovery of a candidate gene
that regulates flowering and fruit ripening. By leveraging the pan-genome and
a large-scale resequencing population, we identify two candidate genes
involved in domestication traits, including the seed-setting rate, the bearing-
shoot length and the leaf size in jujube. These genomic resources will accel-
erate evolutionary and functional genomics studies of jujube.

Jujube (Ziziphus jujubaMill.), also known asChinese date or red date, is
gaining global popularity as a superfruit. Jujube is in the Rhamnaceae
family and is renowned for its exceptional taste, nutritional richness
(a notable source of vitamin C, cAMP, and sugar), resilience to various
abiotic stresses, high economic value, and ecological friendliness1,2. A
native plant of China, it originated in the middle and lower reaches
of the Yellow River3. With a cultivation history spanning over
7000 years3,4, jujube has spread to nearly 50 countries across tempe-
rate to tropical regions on all five continents1,5,6.

Cultivated jujube underwent domestication fromwild/sour jujube
(Ziziphus acidojujuba C. Y. Cheng et M. J. Liu) through an extensive

artificial selection process, which significantly altered its essential
horticultural traits. These traits, including the fruit ripening period, the
seed-setting rate (defined as the number of stones with plump seeds
divided by the total number of detected stones), the bearing-shoot
length and the leaf size, were intentionally modified during this pro-
longed process3,7–9. A recent study by Guo et al.9 highlighted that the
majority of wild jujube plants exhibit earlier flowering and fruit
ripening. The transition in the reproductive strategy of jujube repre-
sents a notable domestication event. Furthermore, in contrast to the
prevalent seed propagation observed in wild jujube, which is char-
acterized by one or two plump seeds within the stone, cultivated
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jujube predominantly employs clonal propagation. Thismethod aligns
with the propagation strategy employed by over 75% of perennial fruit
trees10.

In jujube, leaves, prickles,flowers, and fruits all originate andgrow
on the bearing shoot, which germinates from the mother-bearing
shoot in spring, is deciduous and typically drops before winter. This
horticultural characteristic is rare among perennial tree plants, pro-
viding a distinctive model to understand shoot development and
function1. Consequently, the bearing shoot is not only a crucial target
trait for domestication, but also is a subject of scientific interest11.
However, the causal genes associated with the above mentioned
domestication traits remained poorly characterized, partly due to the
absence of a suitable pan-genomic variation dataset.

The limitations of a single linear reference genome become evi-
dent when attempting to capture the entire spectrum of genetic
diversitywithin a species. This approach faces challenges in identifying
larger structural variants (SVs) such as presence/absence variants
(PAVs), copy number variants (CNVs) and inversions, which are all
known to play roles in controlling agronomical traits12–20. Notably,
several plant pan-genomes have been constructed, including those for
soybean16, rice17, tomato18,20,21, and citrus22. The utilization of graph-
based pan-genome enables SV-based genome-wide association studies
(GWASs) in plants, leading to the identification of numerous unre-
ported quantitative trait loci (QTLs)17,20,23.

Jujube cultivars have traditionally been classified as fresh, dry, and
dual-purpose. Genomic information on dual-purpose jujube acces-
sions is limited. The popular elite cultivar ‘Huizao’ is a dual-purpose
jujube accession with high-quality attributes and extensive
cultivation24. Here, we show four reference-grade genomes, including
that of ‘Huizao’ and three other accessions. Utilizing ‘Huizao’ as the
reference genome, we explore the population structure and genetic
diversity within a large-scale group comprising 1059 accessions. A pan-
genome is constructed, encompassing our four assemblies in con-
junction with four previously released genomes25–27. Subsequent ana-
lysis reveals a large number ofgenetic variations including hundreds of
thousands of SVs. By integrating the pan-genomic variations and a
large-scale resequencing atlas, we elucidate part of the genetic basis of
domestication traits, particularly those related to the flowering and
fruit ripening period, the seed-setting rate as well as the bearing-shoot
length and leaf size. This research contributes a valuable genomic data
resource and establishes a foundation for future basic research and
improvement of jujube breeding.

Results
De novo genome assembly of jujube elite cultivar ‘Huizao’
To establish a high-quality reference genome and unravel the genomic
characteristics of elite accession, we employed a comprehensive
approach, utilizing Illumina sequencing, PacBio circular consensus
sequencing (CCS), and high-throughput chromosome conformation
capture (Hi-C) technology to generate chromosome-level genome
assemblies for ‘Huizao’ (Individual code, Z95).

We estimated the Z95 genome size to be 411.64Mb (Genemo-
Scope analysis - Table 1 andSupplementary Fig. 1).Utilizing PacBioCCS
technology, we generated 16.7 Gb of CCS reads, representing a
sequencing depth of 42× (Supplementary Table 1). The Z95 genome
was assembled using hifiasm28, employing the CCS data, resulting in a
whole genome assembly of 395.06Mb, with a contig N50 value of
20.05Mb. Leveraging the 89× Hi-C data, we successfully anchored
96.3% of the assembled sequences to 12 chromosomes (Table 1 and
Supplementary Fig. 2). The Z95 assembly exhibited a high level of
intact long terminal repeats (LTRs), with an LTR assembly index (LAI)
of 15.39 (Table 1), thus meeting the accepted threshold for qualifica-
tion as a ‘reference’ genome (LAI > 10)23. Notably, 99.7% of the Illumina
short reads were successfully mapped onto the corresponding
assembled genomes. The completeness of the genome assembly was

further confirmed through Benchmarking Universal Single-Copy
Orthologs (BUSCO)29 evaluation, with a completeness score of 99.1%
and 93.4% for complete single-copy genes (Table 1 and Supplementary
Table 2).

Among the transposable elements (TEs), LTR/Gypsy repeat ele-
ments were the most abundant, accounting for 13.30%, followed by
LTR/Copia at 7.97% (Supplementary Table 3). The four assembled
genome was annotated using transcriptome data from different tis-
sues, homology-based prediction, and ab initio prediction. This
annotation process identified 34,061 protein-coding genes, achieving
a BUSCO score of 91.6% (Table 1).

Population structure and genetic diversity of jujube
In this study, a diverse collection of 1059 jujube accessions was
examined, encompassing 429 wild jujube individuals (Z. acidojujuba)
and 630 jujube cultivars (Z. jujuba), and representing a broad range of
jujube geographical distributions (Supplementary Fig. 3a and Supple-
mentary Data 1). Among them, sequencing data for 562 accessions
were generated in this study, while the data for the remaining 497were
sourced from previous studies1,9,11,25,27. The resequencing effort pro-
duced ~6.29Gb of clean data per accession, achieving an average
depth of 15.69× and 95.63% coverage of the Z95 reference genome
(Supplementary Data 2). Upon mapping against the Z95 genome, we
identified a total of 13,091,616 single nucleotide polymorphisms
(SNPs), and 1,439,798 insertions/deletions (InDels) ( < 50 bp).

A phylogenetic analysis of the 1059 jujube accessions was con-
ducted, utilizing 557,726 SNPs with three Indian jujube (Ziziphus
mauritiana) accessions serving as the outgroup. The accessions were
categorized into two major groups: wild and cultivated. Further sub-
division of the cultivated group revealed five subgroups, which closely
aligned with their geographical distributions (Fig. 1a, Supplementary
Figs. 3b and 4). Cultivated subgroups I and III were predominantly
composed of accessions from West China (west of the Taihang
Mountains), while the other three cultivated subgroups consisted
mainly of accessions from East China (east of the Taihang Mountains)
(Supplementary Fig. 3b).

Subsequently, ADMIXTURE30 was employed to estimate ancestry
proportions, and a principal component analysis (PCA) was conducted
based on 6,185,881 SNPs. Consistent with the phylogenetic analysis,
both approaches revealed a consistent pattern of six distinct clusters,
including one wild and five cultivated groups (Fig. 1b, c). As expected,
nucleotide diversity (π) was higher within the wild group (4.60 × 10−3)
than in the five cultivated groups (average π = 3.55 × 10−3). The Dxy

Table 1 | Summary statistics of the four assembled jujube
genomes

Indicator Z95 Z94 Z203 S21

Assembled genome size (Mb) 395.06 387.23 391.88 391.80

Estimated genome size (Mb) 411.64 380.69 405.86 413.67

Chromosome number (2n) 2 × 12 2 × 12 2 × 12 2 × 12

Scaffold number 88 54 49 44

Scaffold N50 (Mb) 31 31.1 30.9 31.2

Contig number 198 113 81 100

Contig N50 (Mb) 20.05 25.53 17.66 27.17

Size of genome anchored to chromo-
somes (Mb)

380.60 378.68 379.27 381.68

Sequences anchored to chromo-
somes (%)

96.3 97.8 96.8 97.4

BUSCO completeness of assembly (%) 99.1 99.2 99.4 99.2

Total number of genes 34,061 35,007 36,311 37,855

BUSCO completeness of annotation (%) 91.6 94.0 93.8 89.2

LTR assembly index (LAI) 15.39 15.61 14.54 15.22
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value (representing the mean number of nucleotide differences
between samples in population X and population Y) between wild and
cultivated groups was the highest compared with the other paired
combinations (Supplementary Fig. 5). Additionally, we observed a
rapid decay (0.25 kb) over physical distance in the wild group com-
pared with that in the five cultivated subgroups, which ranged from
0.62 kb to 1.74 kb (Fig. 1d). These values are comparable to those
reported for pear ( < 1 kb)31 and apple ( < 1 kb)32, but lower than that of
peach ( ~ 35 kb for domesticated peach)33.

Characterization of a gene-based jujube pan-genome
In an effort expand the gene pool and explore the genetic diversity of
jujube, we conducted a de novo assembly with three additional
accessions chosen based on their phylogenetic relationships, pheno-
type diversity, cultivation area, and geographical distributions
(Fig. 1a,e and Supplementary Data 1). Ultimately one wild accession
(S21) and two cultivated accessions, namely ‘Jinsixiaozao’ (Z94) and
‘Goutouzao’ (Z203), were selected for further analysis (Fig. 1a, e and
Table 1). Employing the same sequencing platform and assembly

strategyused for Z95, three reference-gradegenomeswere assembled,
exhibiting similar indicators to the Z95 genome (Table 1, Supplemen-
tary Figs. 1, 2 and Supplementary Table 2).

To create a gene-basedpan-genome for jujube,we integrateddata
from our four de novo assemblies and four previously released gen-
omes (‘Dongzao’26, ‘Junzao’27, and two wild accessions S202125 and
S202427). The number of gene families increased significantly as the
number of genomes increased from two to six, and then showed a
modest increase from six to eight (Fig. 2a). Ortholog investigation
assigned 241,216 (96.83%) genes from the eight jujube genomes into
32,567 gene families. Among these gene families, 11,414 (35.05%) were
present in all eight genomes and were categorized as core genes,
20,707 (63.58%) were present in 2–7 genomes andwere categorized as
dispensable genes, and 446 (1.37%) gene families were present in only
one genome, which were termed accession-specific genes (Fig. 2b, c,
d). Notably, the gene-based pan-genome included 7801 gene families
that are absent from the Z95 reference genome.

Next, we computed the non-synonymous/synonymous substitu-
tion ratios (Ka/Ks) for the core and dispensable genes. The analysis
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Fig. 1 | The population structure of 1059 jujube accessions and the selection of
four representative jujube accessions used for de novo genome assembly.
a Phylogenetic tree constructed among 1059 jujube accessions, with four de novo
assembled genomes (indicated by black arrows) and four previously released
genomes (red arrows) shown below the phylogenetic tree. b Population structure
analysis conducted for all jujube accessions with different ancestry kinship
(K = 2–6). Each vertical bar represents one accession, and the x axis displays the

different groups. The y axis quantifies ancestry membership, with the orders and
positions of all accessions on the x axis consistent with those in the phylogenetic
tree. c Principal component analysis (PCA) plot illustrating the first two compo-
nents (eigenvector 1 and 2) of all accessions. d Genome-wide decay of LD in the
different groups. e Fruit morphology of four selected jujube accessions used for de
novo genome assembly with bars indicating 1 cm. Abbreviation: C-sub, cultivated
subgroup. Source data are provided as a Source Data file.
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revealed that the dispensable genes displayed higher Ka/Ks values
compared with the core genes (Fig. 2e). These results suggest that the
core genes evolved at a slower pace and are more functionally con-
served. To further understand the functional significance, we con-
ducted expression analysis using RNA-sequencing data for the four
assembled accessions. The results showed much higher expression
levels of the core genes compared with those of the dispensable genes
(Fig. 2f), indicating that the core genes likely exert more crucial bio-
logical functions. These results, including Ka/Ks and expression ana-
lysis, are consistent with those reported for Arabidopsis and barley34.

Extensive genomic variations within the jujube pan-genome
To explore the genomic variations within the eight genomes, we per-
formed alignments of the other seven genomes to the reference gen-
ome Z95 using MUMmer software35. In general, 2596,045–3,963,811
whole genome SNPs were identified, averaging 8.02 SNPs per kb (7.44
in cultivated accessions and 8.80 in wild accessions on average) across
different jujube genomes. Among these SNPs, 95,392–148,492 were
non-synonymous based on the annotation results of Z95 and
5329–8545 were predicted to be big-effect SNPs (causing changes in
start codons, stop codons or splice sites) according to SnpEff
software36 (Supplementary Table 4). In addition, 583,473–864,791
InDels were identified, averaging 1.86 InDels per kb (1.70 in cultivated
accessions and 2.07 in wild accessions on average) across different
jujube genomes. These InDels constituted a total of 1.12–1.62Mb of
sequences,with ameanof 1.33Mb. ~20.69%of the InDelswere found in
genic regions, among which an average of 10,107 were predicted to be
big-effect InDels (leading to frameshifts) (Supplementary Table 5).

The high-quality assemblies of these genomes present a valuable
opportunity to identify SVs ( ≥ 50bp). Comparisons of the other seven
genomes to Z95 using MUMmer35, revealed a high level of collinearity
(Supplementary Figs. 6 and 7) and 26,559–47,606 SVs were identified
in each comparison using Syri software37 (Supplementary Table 6).
Among these SVs, 1165–1947 were predicted to be big-effect SVs
( > 50% of coding region covered by SVs), which affected 2070–3839
annotated genes (Supplementary Table 6). Gene Ontology (GO)
enrichment analyses revealed that the genes affected by big-effect SVs
were enriched in biological processes related to peptide biosynthetic
process, protein metabolic process, cellular metabolic process, and
photosynthesis (Supplementary Fig. 8). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways analysis indicated that genes affected
by big-effect SVs were enriched in pathways related to RNA poly-
merase, oxidative phosphorylation, ribosome, and metabolism (Sup-
plementary Fig. 9). Overall, this dataset of genomic variations within
the eight jujube genomes offers a rich resource for future studies of
jujube trait biology and breeding practices.

Artificial selection of variations during jujube domestication
To enhance our understanding of the impact contributed by genomic
variations during jujube domestication, we aggregated all cultivated
sub-groups and compared the level of nucleotide diversity (π) with
that of the wild group. This analysis identified 126 putative selective
sweeps based on the πwild/πcultivated ratio (Supplementary Fig. 10 and
Supplementary Data 3), covering 31.68Mb (8.02%) of the reference
genome and encompassing 2302 genes (Supplementary Data 4).
Notably, some regions coincide with well-documented genes
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provided as a Source Data file.
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associated with domestication traits, such as ZjPOD1 related to
reproductive system development9 (Supplementary Fig. 10).

To explore the effects of SVs during jujube domestication, we
overlapped the putative swept regions with SVs obtained from the
comparison between the wild accession S21 and the cultivated acces-
sion Z95. In total, we identified 4364 SVswithin domestication regions,
affecting 666 genes (Supplementary Data 5). Among these genes,
several are potentially associated with the domestication syndrome,
including increased fruit sweetness and the transition in reproductive
strategy. In particular, a 1.7- kb insertion was found in the third exon of
Z95_Ju00G026290 (Supplementary Fig. 11), the ortholog of AtEDA14
which regulates female gametophyte development in Arabidopsis38.
This insertion resulted in an alteration in the number of exons between
S21 and Z95 (Supplementary Fig. 11), leading to an alteration in the
amino acid length (83 and 187 amino acid residues in Z95 and S21,
respectively), thus potentially impacting the phenotype.

By exploiting the alignment results between S21 and Z95, we
successfully detected 59,253 InDels within the sweep regions. Among
them, 745 InDels were specifically situated in the exons of genes,
impacting the protein-coding sequence of 356 annotated genes
(Supplementary Data 6). Within the identified 356 genes,
Z95_Ju00G026420 stood out (Fig. 3a). This gene encodes an agamous-
like MADS-box protein AGL28 and features a 12- bp InDel in the sixth
exon (Fig. 3b). This 12- bp insertion extends a disordered segment of
ZjAGL28 (Supplementary Fig. 12), which might alter the protein’s
binding ability to other molecules. Haplotype analysis centred on this
InDel disclosed that the alternative allele predominated among wild
accessions (73.1%), while the reference allele was prevalent in culti-
vated jujubes (Fig. 3c). Notably, in cultivated subgroupV, all accessions

exhibited the reference allele (Fig. 3c), indicating a substantial incli-
nation toward artificial selection for this InDel during the domestica-
tion of jujube.

To delve into the biological functions of Z95_Ju00G026420
(designated ZjAGL28), we conducted ectopic overexpression of
ZjAGL28 inArabidopsis thaliana and closelymonitored any phenotypic
changes throughout various developmental stages. Two over-
expression (OE) lines were carefully selected and thoroughly char-
acterized (Fig. 3d–g and Supplementary Fig. 13). During the vegetative
growth stage, no significant morphological alterations were observed.
However, during the reproductive growth stage, theOE lines exhibited
earlier flowering compared with that of the wild-type (WT) (Fig. 3d, e).
Furthermore, earlier ripening of siliques was noted in the two OE lines
in comparison with that of the WT (Fig. 3f, g and Supplementary
Fig. 13b). Collectively, these observations suggested that ZjAGL28 likely
plays a positive regulatory role in flowering time and fruit ripening.

The pan-genome enables SV-based GWAS in jujube
To identify SVs associated with phenotypic variations, we conducted
genotyping of 19,749 PAVs identified by Syri software37 across 1056
jujube accessions utilizing the Illumina short-read sequences. Subse-
quently, these genotyped PAVswere employed in SV-basedGWAS for 16
horticultural traits, leading to the detection of 103 significantly asso-
ciated SVs (Supplementary Table 7). One noteworthy finding was a 276-
bp insertion on chromosome 01, which exhibited a substantial asso-
ciation with stone width (Fig. 4a, Supplementary Figs. 14a and 15a).
Similarly, a 52- bp deletion on chromosome 10was linked to fruit weight
(Fig. 4b, Supplementary Figs. 14b and 15b). Furthermore, a 162- bp
insertion on chromosome 04 (Fig. 4c, Supplementary Figs. 14c and 15c),
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was found to be significantly associated with the bearing-shoot length.
Accessions with the alternative allele exhibited a notable decrease in the
stone width, fruit weight, and bearing-shoot length (Fig. 4a, b, c). The
identified SVs that are significantly associated with horticultural traits
provide a foundation for further precise exploration of potential cau-
sal genes.

The transition from a sexual to an asexual reproductive strategy
stands out as a prominent domestication event9. In contrast to wild
jujube, which typically contains one or two seeds in the fruit stone, the
majority of cultivated jujube varieties produce few or no seeds

(Fig. 4d). Employing an SV-based GWAS on the seed-setting rate, we
identified a 2.3-kb PAV located upstream ( − 10.3 kb relative to the start
codon ATG) of the MED12 ortholog (ZjMED12, Z95_Ju00G334220),
which was strongly associated with the seed-setting rate (Fig. 4e,f and
Supplementary Fig. 16). This 2.3- kb insertion formed two haplotypes
(reference and alternative alleles): accessions carrying the reference
allele exhibited significantly higher seed-setting rates than did those
with alternative allele (Supplementary Fig. 17a). We used two types of
accessions to perform ZjMED12 expression analysis in young fruit
( ~ 5mm). The gene displayed higher expression levels in accessions
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carrying the reference allele than in accessions carrying the alternative
allele (Supplementary Fig. 17b). In Arabidopsis, the MED12-MED13
module of the Mediator regulates pattern formation during
embryogenesis39, and loss-of-function of MED12 leads to defects in
embryo development40.

To fully unravel the functions ofZjMED12, knocking it out in jujube
would be essential. However, this undertaking faces several challenges,
including the complexity of jujube transformation, the extended
growth period of woody trees, and high genomic heterozygosity1.
Consequently, we opted to employ the CRISPR/Cas9 (CRI) system to
knock outOsMED12 (Os07g0648266), the ortholog of ZjMED12, in rice.
For subsequent analysis, two CRI mutants were selected, featuring a
2- bp deletion and a 3- bp deletion in the sixth exon (Fig. 4g). These
deletions led to a frameshift in the coding region for Osmed12-2 and
the deletion of an asparagine residue fromOsmed12-3. Thesedeletions
did not influence the expression levels of OsMED12 in rice (Supple-
mentary Fig. 18). Phenotypic assessments revealed a significant
decrease in the seed-setting rate for the two CRI mutants compared
with that of WT rice (Fig. 4h,i). This finding suggested that MED12
functions conservatively in embryo development across both mono-
cotyledonous and dicotyledonous plants.

ZjCDKI5 negatively regulates the bearing-shoot length and leaf
size in jujube
Additionally, apart from SV-based GWAS, we conducted a SNP-based
GWAS for the same 16 horticultural traits mentioned earlier. A total of
6700 SNPs were identified (Supplementary Table 7), with 2382 SNP
locations overlapping (400- kb flanking region) with the results of SV-
based GWAS. The remaining 4,318 SNP locations (64.45%) were
exclusively detected by SNP-based GWAS. Notably, specific horti-
cultural traits, such as the bearing-shoot length (BSL), leaf width, leaf
length, and leaf area, exhibited significant increases during jujube
domestication (Fig. 5a and Supplementary Fig. 19). In particular, BSL,
leaf width, leaf length, and leaf area demonstrated a clear positive
correlation (Supplementary Fig. 20). In the results of the SNP-based
GWAS, a distinct GWAS signal on chromosome 08 was observed,
simultaneously identified by the four aforementioned traits (Fig. 5b
and Supplementary Fig. 21). This suggested the presence of a candi-
date gene with pleiotropic effects on these four domestication traits.
Notably, this GWAS signal was not identified by SV-based GWAS.

Concerning BSL, the robust GWAS signal extended from 11.07 to
12.53Mb on chromosome 08, encompassing 192 genes (Supplemen-
tary Data 7). Among them, 28 candidate genes exhibited high expres-
sion levels (FPKM> 20) in the both bearing shoot and leaf
(Supplementary Fig. 22 and Supplementary Data 7). Gene description
and functional annotation of orthologs in model plants directed our
attention towards Z95_Ju00G226220 which encodes a cyclin-
dependent kinase inhibitor (CDKI). An analysis of genetic variations
in Z95_Ju00G226220 (designated ZjCDKI5) revealed one SNP in the
promoter region and a 10 bpdeletion in the third intron (Fig. 5c), which
classified the population into four major genotype combinations
(Fig. 5c). The accessions carrying genotype3 and genotype4 exhibited
significantly higher phenotype indices than those with genotype1 and
genotype2 (Fig. 5d). We then used the four types of accessions to
perform ZjCDKI5 expression analysis in both bearing shoot and leaf.
The gene displayed lower expression levels in accessions with geno-
type3 and genotype4 compared with those carrying genotype1 and
genotype2, evident in both bearing shoot (P = 4.93 × 10−3) and leaf
(P = 2.79 × 10−3) samples (Supplementary Fig. 23a). These findings, in
conjunction with the gene description, suggested that ZjCDKI5 might
function as a negative regulator influencing the four domestication
traits.

The germination of the jujube bearing shoot occurs in spring, and
it follows a deciduous pattern, typically shedding before winter. In a
manner akin to annual crops, this characteristic draws a parallel with

annual plant height11. To unravel the functions of ZjCDKI5, we gener-
ated ectopic overexpression rice plants, selecting two OE transgenic
lines for subsequent analyzes (Fig. 5e). When assessing plant height
and flag leaf size, we noted a significant reduction in plant height for
the OE plants compared with that of wild-type (WT) rice, at both the
seedling stage and heading stage (Fig. 5f and Supplementary
Fig. 23b, c). Additionally, the flag leaf lengths and leaf widths of OE
plants exhibited significant decreases compared with those of the WT
rice (Fig. 5g, h). Collectively, these observations led us to the conclu-
sion that ZjCDKI5 probably played a negative regulatory role in the
increase of bearing-shoot length and leaf size during the domestica-
tion of jujube.

Discussion
We conducted de novo assembly of four high-quality, reference-grade
jujube genomes by integrating PacBio CCS, Illumina short-read
sequencing, and Hi-C technology. Building upon four previously
released genomes25–27, we constructed a pan-genome using eight
jujube genomes. We acknowledge that the current pan-genome,
comprising only eight samples, is inadequate to encompass the full
sequence diversity found within the jujube population, particularly in
group C-sub5. Therefore, obtaining a more diverse reference map is
essential to broaden genomic sampling in the future, which would
allow better characterization of the genetic diversity of the jujube pan-
genome.While our selection of eight accessionsmight seem limited in
comparison to pan-genome analyzes in other plant species16–18,41, it is
essential to note that these jujube accessions cover almost all phylo-
genetic groups, including the wild group and four cultivated sub-
groups (Fig. 1a and SupplementaryData 1). This diverse representation
ensures the inclusion of various genetic backgroundswithin the jujube
population. Moreover, utilizing the pan-genome constructed from
these eight representative accessions and subsequent GWAS analyzes,
we successfully pinpointed several candidate genes that regulate cru-
cial domestication traits. Noteworthy examples include ZjAGL28,
ZjMED12, and ZjCDKI5, which play roles in regulating flowering and
ripening time, the seed-setting rate, and the bearing-shoot length and
leaf size, respectively. Furthermore, the assemblies of the four addi-
tional jujube accessions established in this study serve as a foundation
for future pan-genome analysis in the field.

In this study, the biological functions of ZjAGL28 and ZjCDKI5were
validated by ectopic transformations. We cannot definitely confirm
that the transgenic proteins expressed inArabidopsis thaliana and rice
are the same as in jujube. To fully unravel the functions of above two
candidates, knocking out and overexpressing them in jujube would be
essential. However, this work faces several challenges, including the
difficulty in jujube transformation, the long growth period of woody
trees, and high genomic heterozygosity1. Consequently, we opted to
conduct ectopic overexpression of these two candidates in model
plants. In this study, three candidate genes were identified by com-
parative genomics and GWAS, not using linkage mapping. For annual
crops, using a segregated group to mapping QTLs is a common
strategy42. However, it is substantially difficult and a time-consuming
process for jujube. First, artificial pollination is difficult for jujube43.
Second, under normal conditions, it is only less than 1% flower which
can develop into fruits. Most of flowers fall off from bearing shoots43.
Third, jujube is a perennial woody tree with a relative long juvenile
period. So, to date, it is still a challenge to map candidate genes/QTLs
using segregated groups in jujube.

Selective sweep analysis is a common approach to identify genes
associated with domestication traits8,9,44. Herein, a total of 2302
potential domestication genes were identified within the selective
sweep regions through π ratio analysis (Supplementary Data 4).
Although we functionally verified some candidate genes within the
selective sweeps, it is important to acknowledge that themethod used
in our study might have detected some false positives. In the future,
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more robust methodologies should be employed to more precisely
identify domestication-related genes.

To unravel the genetic basis underlying crucial horticultural traits,
we simultaneously performed SV-based and SNP-based GWAS for 16
traits, leading to the identification of 103 SVs and 6,700 SNPs asso-
ciated with these traits (Supplementary Table 7). Statistically, 61 out of
103 SVs (59.22%) shared an overlap (within a 400- kb flanking

sequence) with the SNPs detected by SNP-based GWAS. Additionally,
the genomic locations of 35.55% of the identified SNPs also overlapped
with SVs detected by SV-basedGWAS.Notably, the remaining loci were
exclusively detected by either SNPs or SVs, underscoring the technical
complementarity between SNP-based and SV-based GWAS. This
observation aligns with findings from previous studies, in which 17.5%
of SVs showed very low linkage with nearby SNPs detected using
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SNP-basedGWAS in rice17 andonly 5.2%of loci overlappedbetween SV-
based and SNP-based GWAS in tomato20, highlighting the importance
of the simultaneous application of both approaches. This dual
approach is recommended to ensure comprehensive identification of
candidate genes and to prevent the oversight of key genetic loci.

In recent years, notable advances have been made in identifying
candidate or causal genes associated with horticultural traits in jujube,
employing both forward and reverse genetic approaches. These genes
primarily belong to three functional categories: (1) morphological
traits related to fruit size and shape, root growth, and flowering9,11,45,46;
(2) quality and metabolism-related traits associated with fruit sweet-
ness and acidity, as well as fruit lignin biosynthesis8,44,47–49; and
(3) biotic and abiotic stresses related to jujubewitches’ broom and salt
stress50–52. Despite these advances, in comparison to other perennial
fruit crops suchasapple, peach, andpear, functional genomic research
in jujube is still in its early stage. Consequently, the molecular
mechanisms underlying many horticultural traits remain poorly
understood. Our analyzes successfully identified candidate genes
contributing to flowering and fruit ripening, the seed-setting rate, BSL
and leaf size in jujube. This information enhances our understandingof
the genetic basis of these horticultural traits. The wealth of genomic
data, including a pan-genome and large-scale resequencing data, sig-
nificantly enriches the genetic resources available for basic research
and facilitates future breeding efforts in jujube.

Methods
Sample collection and agronomic evaluation
The four jujube accessions (Z95, Z94, Z203, S21) used for de novo
assemblies were sampled at the Experimental Station of Luoyang
Normal University (Luoyang, Henan Province, China) and the National
Jujube Germplasm Repository in Shanxi Agricultural University (Taigu,
Shanxi, China). The jujube cultivars of resequencing population were
mainly collected at the National Jujube Germplasm Repository in
Shanxi Agricultural University (Taigu, Shanxi, China) and the National
Foundation for Improved Cultivar of Chinese Jujube (Cangxian
County, Hebei Province, China). The remaining cultivars and wild
individualsof resequencingpopulationwere sampled fromwilderness.
The geographical distributions of all 1059 accessions were from 25
provinces/autonomous regions/municipalities of China covering
almost all jujube-planting areas, and four cultivars were gathered from
South Korea (Supplementary Fig. 3a and Supplementary Data 1).

For agronomic evaluation, seven traits, including stone width,
fruit weight, bearing-shoot length, seed-setting rate, leaf area, leaf
length, and leaf width, were measured based on previously published
jujube genetic resources evaluation criteria53. For stone width, after
peeling of theflesh ofmature fruits, the clean stoneswereprepared for
measurement of stone width which was determined at the widest part
of stone by using vernier caliper, and it was calculated as the average
value of ten stones. Fruit weight was determined by using electronic
balance as the average value of ten healthy half-red fruits sampled
from different orientations of tree. For bearing-shoot length (BSL), ten
healthy and strong bearing shoots were collected from different
orientations of tree at maturation stage, and BSL was determined by
using ruler as the average value of ten bearing shoots. The seed-setting
rate equals a number of stones with plump seeds/number of all
detected stones and was evaluated using around 30 healthy fruits
which were sampled from different orientations of the tree. Leaf area,
leaf length, and leafwidthweredetermined by using the LA-S Leaf Area
Meter (Wanshen, Hangzhou, China) as the average value of ten leaves,
which were sampled from ten bearing shoots. And for each bearing
shoot, one leaf in the middle was sampled for measurement. For each
trait, all samples were collected from one tree. The detailed informa-
tion on the other nine traits, including the fruit length, fruit width, fruit
shape index, stone length, stone shape index, stoneweight, number of
leaves per bearing shoot, internode length of bearing shoot, and ratio

of edibility, can be found in Supplementary Method 1. The numbers of
wild and cultivated jujube accessions investigated for each trait were
listed in Supplementary Table 8.

Illumina sequencing
Genomic DNA was extracted from young leaves using cetyl-
trimethylammonium bromide54. A minimum of 5μg of genomic DNA
per accession was utilized to create sequencing libraries, following the
manufacturer’s guidelines (Illumina, SanDiego, CA, USA). The libraries
were subjected to paired-end (NGS) sequencing on the Illumina
NovaSeq 6000 platform, generating 150bp reads (Supplementary
Method 2). Additionally, total RNA was extracted from bearing shoot,
leaf, flower, stem, phloem and fruit tissues for library construction
(Supplementary Table 9), resulting in ~6Gb of data for each tissue
during subsequent sequencing (Supplementary Method 3).

Genome sequencing and assembly
The selection of the four jujube accessions for genome assembly was
based on their phylogenetic grouping. Genomic DNA was extracted
from the fresh leaves of each accession. SMRTbell libraries were con-
structed following the standard PacBio (Pacific Biosciences, Menlo
Park, CA, USA) protocol and then sequenced on the PacBio Sequel II
platform to generate HiFi reads. For the creation of Hi-C libraries, DNA
was extracted from fresh leaves. Chromatin underwent a 12-hour
digestion with 20 units of DpnII restriction enzyme (New England
Biolabs, Beijing, China) at 37 °C. The resulting mixture was subse-
quently incubated at 62 °C for 20minutes to deactivate the restriction
digestion. DNA fragments ranging from 300 to 500bp were excised
and purified using Ampure XP beads (Beckman Colter, Brea, CA, USA).
These Hi-C libraries were sequenced on the Illumina NovaSeq 6000
platform with 2 × 150-bp reads.

The estimationof genomesize andheterozygositywasperformed
with a k-mer-based approach using Jellyfish (v 2.2.10)55 and Genome-
Scope 2.056, utilizing the ~50× Illumina sequencing data. Subsequently,
the genomes of the four HiFi-sequenced accessions were assembled
with hifiasm (v0.13)28 (https://github.com/chhylp123/hifiasm),
employing default parameters. The assembled contigs were then
anchored to the chromosome level withHi-C data through the 3D-DNA
pipeline57. Hi-C reads were aligned to the polished contigs using the
Juicer pipeline58. The 3D-DNA pipelinewas executedwith the following
parameters: -i 1 -r 5. The results were refined using the Juicebox
Assembly Tools59.

We evaluated the completeness of the genic region in the
assemblies utilizing BUSCO (v5.2.0)29 embryophyta_odb10 database,
with a set of 1440 embryophyte genes. For the assessment of inter-
genic region completeness, we employed the LAI with LTR_retriever
(v2.9.0)60. Additionally, we assessed genome completeness by aligning
high-quality Illumina short reads to the corresponding assembly using
BWA (v0.7.12-r1039)61 with default parameters. The full details of
genome sequencing and assembly are available in the Supplementary
Method 4.

Genome annotation, GO and KEGG enrichment analysis
The detailed information of TE annotation is available in the Supple-
mentary Method 5. Protein-coding genes were predicted for each
genome assembly through theMAKER262 pipelines. RNA evidence was
gathered by aligning RNA-sequencing (RNA-seq) reads to the repeat-
masked assembly using HISAT2 (v.2.10.2)63, followed by assembly into
transcripts using StringTie (v.1.3.0)64. TACO (v.0.7.3)65 was employed
to merge stringtie gtf (–filter-splice-juncs). Ab initio gene prediction
was executed using AUGUSTUS (v.3.3.3)66 and SNPA67. Protein
sequences from SwissProt (Viridiplantae) (https://www.uniprot.org)
and previously published jujube protein sequences were also inte-
grated. All these proteins were utilized for homology-based prediction
with BRAKER (v.2.1.4)68. Only integrated gene models with AED
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values < 0.5 were retained. More information of gene annotation can
be found in Supplementary Method 5. The methods of GO and KEGG
enrichment analysis are shown in the Supplementary Method 6.

SNPs and InDels calling of 1059 jujube accessions
To identify genetic variations, we employed the BWA-mem software
(v6.0.2)61 to map the clean reads to the reference genome with default
parameters. Subsequently, SAMfileswere converted toBAMfiles using
SAMtools (v0.1.18) software69. Following the mapping process, the
BAM file underwent sorting, and duplicates were marked using Picard
tools (v1.119) (http://broadinstitute.github.io/picard/).

Variants were identified through GATK (v.4.2.3.0)70 Haplotype-
Caller, and the identified SNPs and InDels underwent further filtration
based on following criteria: SNPs were filtered with “QD< 2.0 | | FS >
60.0 | |MQ<40.0 | | SOR > 3.0 || MQRankSum < −12.5 | | Read-
PosRankSum < −8.0”, and InDels with “QD< 2.0 | | FS > 200.0 | | SOR >
10.0 || MQRankSum < −12.5 || ReadPosRankSum < −8.0”. To ensure the
quality of SNP and InDel, these variations located within TE-regions
were excluded for subsequently analysis.

Phylogenetic and population structure analysis
For the phylogenetic analysis, we first obtained all genomic variation
loci and exclude those in TE regions. Then, to ensure SNP repre-
sentativeness and reduce computational load, we filtered SNPs with
high LD using PLINK (v1.90b3.46)71. The LD filtering command was
‘plink –file input –indep-pairwise 50 10 0.2 –out output’. After LD
pruning, we selected SNPs with a minor allele frequency (MAF) ≥0.02
and a missing rate ≤ 0.4, resulting in 557,726 SNPs for tree construc-
tion. We used FastTree with the GTR model to construct a Maximum-
Likelihood (ML) phylogenetic tree. The Newick format file was then
uploaded to MEGA6.072 for visualization and optimization.

In population structure analysis, we extracted SNPs outside the TE
regions and filtered for those with a minor allele frequency (MAF) ≥
0.02 and a missing rate ≤0.4. This gave us 6,185,881 SNPs for analysis
using ADMIXTURE (version 1.3.0)30. Taking advantage of the same data
set, we also performed PCA analysis with EIGENSOFT (v6.0.1)73 and LD
analysis using PopLDdecay (v3.40)74 with the command ‘PopLDdecay
-InGenotype input.genotype -OutStat result.out -MAF 0.02 -Miss 0.4’.
LD decay was calculated based on the r² value and the distance
between SNPs.

Genomic selection signature identification
To identify potential selective sweeps, we assessed the genome-wide
reduction in genetic diversity (π) using VCFtools software75. The com-
mand used for this analysis was: vcftools –gzvcf pop.vcf.gz –window-pi
100000 –window-pi-step 10000 –out result –keep target.group.list.
The investigation focused on detecting selection across the genome
during domestication by comparing wild and cultivated groups.
Genomic regions influenced by domestication were expected to exhi-
bit significantly lower diversity in the landrace group compared to the
wild group. Windows with π <0.001 in the wild were excluded from
further analysis, and windows with the top 5% ratios of πwild/πcultivated

were chosen as candidate domestication sweeps. Adjacent windows
within a distance of ≤ 100 kbweremerged into a single selected region.

Gene-based pan-genome construction and Ka/Ks calculation
We conducted a pan-genome analysis employing a Markov clustering
approach76. All-versus-all comparisons were executed using Diamond
(v0.9.25)77. Subsequently, the paired genes were clustered using
OrthoFinder (v2.3.12)78. Based on their occurrence, gene families were
categorized into three groups: core (present in all eight accessions),
dispensable (present in two to seven accessions), and accession-
specific (unique to one accession) (Supplementary Method 7). The
details of Ka/Ks calculation for each gene of the pan-genome are
available in the Supplementary Method 8.

Genomic variations detection
To uncover genomic variations, we aligned the other seven genomes
to the Z95 reference genome using MUMmer (v4.0.0rc1)35. The align-
ment was conducted with the command ‘nucmer –maxmatch -c 50 -b
500 -l 20 input1.fa input2.fa’. The alignment results underwent filtra-
tion using the delta-filter program in MUMmer with parameters ‘−1 -i
90 -l 100’. The show-coords program in MUMmer was employed to
extract alignment blocks from the intergenomic alignment results, and
SyRI (v1.0)37 identified genomic variations in each comparison.

The extracted SNPs and InDels were annotated using the SnpEff
software (v4.3t)36. Non-synonymous SNPs refer to those labeled as
‘missense_vatiant’ in the SnpEff annotation results. Variants (SNPs
and InDels) with a significant impact on sequence alteration, labeled
as ‘HIGH’ in the SnpEff annotation, are considered to have a high
putative impact on the gene’s products and function. We further
explored nine types of SVs (Supplementary Table 6) defined by Syri37.
The coding regions of genes with > 50% overlap with SVs were
regarded as affected by big-effect SVs. SVs containing ‘N’ sequences
were excluded.

Furthermore, we investigated PAVs by selecting deletions,
insertions, copy losses, and copy gains from the SVs detected by
Syri37. This enabled us to genotype these PAVs using the SURVIVOR
software (v.1.0.6)79 with the following parameters: ‘50 1 0 0 0 0’ and
paragraph (v2.3-h8908b6f_0)80 software with the command ‘~/bin/
multigrmpy.py -imerged.vcf -mmfile -r Ref.fa -o output –threads 5’ at
population level.

Genome-wide association study
Leveraging a dataset comprising 19,749 PAVs and 4,844,730 filtered
SNPs (excluding variations with a missing rate > 0.4 and minor allele
frequency < 0.05) alongwith information on 16 key horticultural traits,
we proceeded to conduct association tests. EMMAX (vbeta-
07Mar2010)81 was employed for this analysis, where population stra-
tification and hidden relatedness were effectively modeled using a
kinship (K) matrix within the emmax-kin-intel package of EMMAX. The
determination of the genome-wide significance threshold followed a
uniform threshold of 1/n, with n representing the effective number of
independent SVs or SNPs calculated through Genetic type 1 Error
Calculator (v0.2)82. The detailed information, including SNP-based
GWAS, SV detection, SV-based GWAS, and identification of candidate
genes in GWAS, is available in the Supplementary Method 9–11.

qPCR
For qPCR, total RNA was extracted with a Takara MiniBEST Plant RNA
Extraction Kit (TaKaRa, Dalian, China). The first-strand cDNA was
synthesized using a TaKaRa PrimeScript II 1st Strand cDNA Synthesis
Kit (TaKaRa). qPCR was performed in triplicate with TaKaRa SYBR
Premix Ex Taq II (TaKaRa) on a Bio-Rad CFX96 machine (Bio-Rad,
Hercules, CA, USA). And AtActin2 (AT3G18780), OsActin1
(Os03g0718100), and ZjActin (GenBank: KT381859) were employed as
the endogenous for normalization. The relative expression levels were
calculated using quantification method (2-ΔΔCT)83. Primers used for
qPCR are listed in Supplementary Table 10.

Vector construction and plant transformation
For overexpression constructs, the full-length coding sequence of
ZjAGL28 and ZjCDKI5were amplified through PCR from cDNAs and the
PCR products were cloned into the modified pCAMBIA-1300 vector
driven by the CaMV 35S promoter and maize Ubiquitin promoter,
respectively. For knocking out of OsMED12, three 23- bp gene-specific
sequences (tcgcttgtttggctgggaaaggg; aatgaacgcagtcgcttgtttgg;
atgttcctcatggttatcgtagg) targeting the sixth exon of OsMED12 were
inserted into the sgRNA/Cas9 vector to generate the OsMED12-Cas9
construct. Primers used for vector construction are listed in Supple-
mentary Table 10.
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For Arabidopsis and rice transformations, the resulting constructs
were introduced into Columbia type and Zhonghua11 (ZH11) by Agro-
bacterium tumefaciens-mediated transformation, respectively.

Protein structure prediction
The protein structure was predicted using online tool AlphaFold384

(https://alphafoldserver.com/), and PyMOL (3.0) software85 was used
for visualizing the three-dimensional structure.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All raw PacBio CCS, transcriptome data, and resequencing data have
been deposited in theNational Center for Biotechnology Information
(NCBI) Sequence Read Archive database under BioProject accession
number PRJNA1051535. All four assembled jujube genomes
have been deposited at ENA/GenBank under the accessions:
JBEONJ000000000 (GCA_041146685.1 [https://www.ncbi.nlm.nih.
gov/datasets/genome/GCA_041146685.1/]), JBEONK000000000
(GCA_041146715.1 [https://www.ncbi.nlm.nih.gov/datasets/genome/
GCA_041146715.1/]), JBEONL000000000 (GCA_041146725.1 [https://
www.ncbi.nlm.nih.gov/datasets/genome/GCA_041146725.1/]), and
JBEONM000000000 (GCA_041146735.1 [https://www.ncbi.nlm.nih.
gov/datasets/genome/GCA_041146735.1/]). All four assembled gen-
omes and annotations are also accessible through Figshare [https://
doi.org/10.6084/m9.figshare.24923472]. The initial version of
‘Dongzao’genome data were downloaded from Genbank under
accession JREP00000000. The updated T2T version of ‘Dongzao’
genome data were downloaded fromNational Genomics Data Center
(NGDC) under BioProject accession PRJCA016173. The genome data
of ‘Junzao’ and a wild accession S2024 were downloaded from NCBI
under BioProject accession PRJNA974227. The genome data of a wild
accession S2021 were downloaded from Genbank under accession
JAEACU000000000. The previously released jujube resequencing
data which were used in this study are available at NCBI under Bio-
Project accession PRJNA560664. Source data are provided with
this paper.

Code availability
The codes used for this paper are available on GitHub [https://github.
com/LianqunBio/Pan-jujube]. Codes were also archived on Zenodo
[https://doi.org/10.5281/zenodo.13929708]86.
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