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(Ziziphus jujuba Mill.) germplasms
based on deep resequencing
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Weiquan Zhou2, Meng Yang1 and Mengjun Liu1,2*
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Baoding, China, 2College of Horticulture, Xinjiang Agricultural University, Urumqi, China
Introduction: Genome size and heterozygosity represent the fundamental

genetic attributes of a species, but their intraspecies diversity and evolution

remain largely elusive.

Methods: To address this, we developed a deep-resequencing-based approach

for genome estimation by optimizing resequencing depth (30×) and kmer value

(21) in Chinese jujube (Ziziphus jujuba Mill.) to achieve the best balance among

accuracy, stability, and cost. Using this optimized pipeline, we estimated genome

size and heterozygosity across a large panel of jujube accessions.

Results: We estimated the genome size of 296 cultivated jujube genotypes from

293 to 409 Mb (mean 347 Mb, CV 5.94%) with heterozygosity of 1.30% to 2.01%

(mean 1.72%, CV 8.21%); for 214 wild jujube, genome size varies between 311 and

391 Mb (mean 339 Mb, CV 3.40%), and heterozygosity 1.22% to 2.13% (mean

1.74%, CV 6.79%). Additionally, analyzing 798 jujube accessions with resequencing

data in NCBI (using k-mer 21) revealed that low sequencing depths (10∼20×) of
most accessions (98.61%) results in underestimated genome sizes (4.30–309 Mb)

and overestimated heterozygosity (2.17-11.8%). Shannon-Wiener Index analysis

for genome heterozygosity and size in jujube indicate a medium diversity level

with cultivated jujube higher that wild one. Both genome size and heterozygosity

show normal distribution, and there is a significant negative correlation

between them.

Discussion:During domestication fromwild to cultivated jujube, average genome

size increased by 8 Mb, while heterozygosity slightly decreased. A reference

standard for genome size and heterozygosity is proposed and jujube is

characterized as a small genome with mediumtohigh heterozygosity. This study

establishes a powerful approach for estimating genome characteristics, enriched

genomic resources for jujube, and provides insights for plant intraspecific

genome diversity and evolution.

KEYWORDS

classification, genome heterozygosity, genome size, jujube, k-mer analysis,
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Genome size and heterozygosity are fundamental genetic char-

acteristics of plants. Their accurate estimation is a critical prereq-

uisite for high-quality genomic research, as it directly informs

reliable genome assembly, evolutionary analysis, and molecular

breeding applications. In genome assembly, both genome size and

heterozygosity dictate sequencing data requirements and guide the

selection of appropriate assembly strategies. Mochizuki et al. (2023)

evaluated multiple genomic workflows-including the estimation of

genomic features such as genome size and heterozygosity-across six

genomes with varying heterozygosity levels. Their work demon-

strated how accurate estimation of these parameters facilitates the

choosing of suitable assembly methods and proposed specific

guidelines for constructing haplotype-resolved assemblies based

on heterozygosity degree. In evolutionary studies, genome size

serves as a proxy for evolutionary divergence and a key genomic

characteristic. Yan et al. (2016) estimated the genome sizes across

26 oat species, revealing correlations between genome size and

evolutionary relationships. Moreover, genome size has been linked

to adaptive traits in plants, underscoring its relevance for cultivation

and stress resistance research (Kuo et al., 2021). In plant breeding,

Chen et al. (2025) identified significant correlations between geno-

mic heterozygosity and multiple agronomic traits in walnut, show-

ing positive correlations with 13 traits and negative correlations

with 8 traits, thereby offering practical insights for optimizing

breeding strategies.

However, accurate estimation of genome size and heterozygos-

ity remains challenging in practical research. In the genome regions

with high intrinsic polymorphism, alignment difficulties often lead

to systematic underestimation of true heterozygosity (Liao et al.,

2024). For highly heterozygous species, secondary peaks in the k-

mer frequency distribution further complicate the estimation pro-

cess and compromise accuracy (Rong et al., 2024). Early methods

for measuring genome size in plants primarily relied on Feulgen

micro-densitometry (Greilhuber, 2008). While this approach allows

analysis of small DNA quantities, provides stable results, and is

applicable to diverse sample types (Biggiogera et al., 2024; Mello

and Vidal, 2017), it also suffers from significant limitations, includ-

ing hydrolytic instability, low staining efficiency, and susceptibility

to interference from processing reagents (e.g., high concentrations

or prolonged exposure to KMnO4) (Li et al., 2000). Subsequently,

flow cytometry (FCM) gained popularity due to its rapid and

straightforward protocol (Čertnerová, 2022). Nevertheless, the

accuracy of FCM can be compromised by multiple factors in

plant samples, such as: interference from secondary metabolites

(e.g., phenolics and alkaloids that affect fluorescence detection),

composition and concentration of extraction buffers, choice and

dosage of fluorescent dyes, and tissue type-as DNA content varies

with cell cycle stage across different tissues (Nix et al., 2024; Wang

et al., 2015).

Currently, bioinformatics approaches based on genome rese-

quencing and k-mer frequency distribution, owing to their effi-

ciency and accuracy, have become the primary method for

estimating genome size and heterozygosity in plants. The reliability

of k-mer analysis depends on several factors, including sequencing

data quality, the choosing of k-value, and sequencing depth.

Contamination during sequencing-whether biological or
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technical-can introduce bias (Hesse, 2023). The selection of k-

value significantly influences genome size and heterozygosity as-

sessments: lower k-values improve the distinction between homo-

zygous regions and sequencing errors, as well as between

heterozygous and repetitive regions, but may reduce sequence

specificity due to increased short k-mer redundancy. It is widely

accepted that k-values below 17 generally fail to yield biologically

meaningful information. Conversely, higher k-values reduce repet-

itive sequence interference and improve mapping specificity but are

more susceptible to base-calling errors or insufficient coverage,

leading to k-mer misrepresentation and compromised analytical

accuracy (Moeckel et al., 2024; Roberts et al., 2025). Notably, k-

values must be odd to avoid palindrome-related artifacts in k-mer

identification and counting (Schmidt and Alanko, 2023).

Furthermore, adequate sequencing depth is essential to capture a

complete k-mer frequency profile for accurate estimation, whereas

excessive depth incurs unnecessary costs.

Jujube (Ziziphus jujuba Mill.), the most economically and

ecologically important economic tree in the Rhamnaceae family,

exhibits remarkable environmental adaptability. Its fruits possess

high nutritional and medicinal value. Originating in China’s Yellow

River Basin, jujube is now cultivated across 48 countries in

temperate and subtropical regions worldwide, where it plays an

increasingly vital role in arid and saline-alkaline areas (Liu et al.,

2020). Our previous research revealed that jujube genome is

relatively small but very complex (Liu et al., 2014). Up to now,

the detailed diversity of genome size and heterozygosity across

different genotypes of jujube remain largely unclear. This study

aims to establish a robust resequencing-based framework for

accurate estimating genome size and heterozygosity in jujube. By

applying this framework to a large collection of both cultivated and

wild jujube, we seek to characterize their genomic diversity and

evolutionary patterns. This work will enrich genomic resources for

Ziziphus genus and provide valuable insights for genomic studies,

breeding, and evolutionary research in jujube and horticul-

tural plants.
1 Materials and methods

1.1 Plant materials and resequencing data
sources

This study analyzed a total of 1,303 diploid Ziziphus accessions.

The core sample set comprised 510 accessions: of these, 296 were

cultivated jujube (Ziziphus jujuba Mill.) germplasms, sourced from

the National Jujube Germplasm Repository (Taigu, Shanxi). This

repository preserves representative landraces and bred cultivars

covering major jujube-producing regions in China, including

Shanxi, Shaanxi, Hebei, Shandong, and Xinjiang. The remaining

214 were wild jujube germplasms, obtained from the Germplasm

Repository of Hebei Agricultural University. These materials were

collected from natural wild populations in regions such as Hebei,

Henan, and Shaanxi (original collection details are provided in

Supplementary Tables 2, 3). To broaden the analytical scope, we
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systematically retrieved and downloaded 793 published jujube

resequencing datasets from the NCBI SRA database (details are

provided in Supplementary Table 1). Sequencing was performed on

the MGISEQ-2000 platform (BGI, Shenzhen, China), generating

paired-end reads to support subsequent genomic analyses.

1.2 Estimation of genome size and
heterozygosity

Genome size and heterozygosity were estimated using a k-mer-

based analysis pipeline, with KMC (v3.0) employed for k-mer

counting and GenomeScope 2.0 for model fitting. To ensure

robust and cost-effective analyses, we first optimized the core

parameters of this pipeline using deep-sequencing data from the

‘Dongzao’ jujube (at ~270× coverage). Specifically, to determine a

stable k-mer size, we evaluated the impact of k-values ranging from

17 to 35 on genome size and heterozygosity estimates.

Subsequently, to identify the optimal sequencing depth, we per-

formed an in silico subsampling analysis using the determined

optimal k-value (k=21), generating a gradient of sequencing depths

from 10× to 270× for evaluation. The analytical procedure consisted

of the following sequential steps:

I. Data integrity verification: The integrity of the raw se-

quencing data files was verified using MD5 checksums to

detect any potential corruption or tampering. For data

obtained from the sequencing facility, the provided MD5

file was used directly. For publicly downloaded data, an

MD5 file was first generated. The commands used were: A.

md5sum *.gz > md5.txt. B. md5sum -c md5.txt.

II. Quality control and adapter trimming: Raw sequencing

reads often contain low-quality bases and adapter contam-

inants. Quality control was performed to remove these

artifacts, ensuring the data met the standards required for

robust downstream analysis. This was executed using the

following example commands (illustrated for sample

SRR10052895): A. fastp -i SRR10052895_1.fastq.gz B. -I

SRR10052895_2.fastq.gz C. -o SRR10052895_1.cleandata.gz

D. -O SRR10052895_2.cleandata.gz E. -l 36 -q 20 -n 6 -w

30 –compression=6.

III. Mkdir -p tmp: This step aims to recursively create a

temporary directory (tmp) to ensure the storage path for

subsequent analysis files exists, thereby preventing pro-

gram interruption due to missing directories. The specific

code executed is as follows: A. mkdir -p tmp; B. echo

SRR10052895_1.clean.gz >> SEQLIST; C. echo

SRR10052895_2.clean.gz >> SEQLIST.

IV. K-mer frequency profiling: Genomic features were char-

acterized by decomposing the quality-filtered reads into

short subsequences of length k (k-mers). The frequency of

each k-mer was counted to generate a k-mer spectrum.

The analysis was performed with a k-mer size of 21 (k=21)

using the command: A. kmc -k21 -t40 -m64 -ci1 -cs100000

@SEQLIST kmcdb tmp > SRR10052895.kmer.stat. Here,

the -ci1 flag excludes unique k-mers (often indicative of
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sequencing errors), and -cs100000 sets an upper limit for

k-mer coverage.

V. Generation of K-mer Frequency Histogram: The raw k-

mer counts were converted into a frequency distribution

histogram, with k-mer coverage depth on the X-axis and

the frequency of k-mers on the Y-axis. This histogram

visually represents key genomic characteristics. It was

generated using: A. kmc_tools transform kmcdb histo-

gram kmcdb_k21.hist -cx10000.

VI. Model fitting and parameter estimation: Finally, the k-mer

frequency histogram was analyzed using GenomeScope 2.0

to fit a model and estimate key genomic parameters. This

included genome size (haploid length), heterozygosity rate,

and repeat sequence content. The following command was

used: A. Rscript genomescope2.0-master/genomescope.R

-i kmcdb_k21.hist -o SRR10052895.GS -k 21 -p.
1.3 Statistical analysis

All statistical analyses were performed using SPSS software.

Since the data for genome size and heterozygosity violated the

normality assumption (Shapiro-Wilk test, p < 0.05), non-paramet-

ric tests were employed: differences between groups were assessed

using the Mann-Whitney U test, and correlations were analyzed

using Spearman’s rank correlation coefficient (r). The p-values

derived from multiple correlation analyses were adjusted using

the Bonferroni method (adjusted significance threshold a’ =

0.01). To specifically investigate the potential associations between

genomic features and agronomic traits, Spearman’s rank correlation

analysis was conducted on genomic heterozygosity, genome size,

and mean single fruit weight across 20 jujube cultivars. The

Shapiro-Wilk test confirmed that the fruit weight data also signif-

icantly deviated from a normal distribution (W = 0.839, P = 0.004),

further justifying the use of this non-parametric approach.
2 Results

2.1 Optimization of resequencing-based
estimation of genome size and
heterozygosity

2.1.1 Determination of the optimal k-mer value

To establish a robust protocol for genome characterization in

jujube, we systematically evaluated the influence of different k-mer

values (ranging from 17 to 35) on the estimation of genome size and

heterozygosity. This evaluation was performed using 30×whole-

genome sequencing data from three jujube accessions: ‘Dongzao’

(Ziziphus jujuba Mill. ‘Dongzao’), sour jujube, and jun-jujube.

As illustrated in Figure 1a, the estimated genome size showed an

increasing trend with the increase of k-value but stabilized notably

once the k-value reached 21 (Figure 1a). Concurrently, the esti-

mated genome heterozygosity initially increased and then decreased
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with the increase of k-value, also plateauing after k = 21

(Figure 1b).To validate the universality of this parameter, we further

performed tests on sour jujube (wild type) and jun-jujube (culti-

vated type). The results showed that, with the sequencing depth

fixed at 30×, as the k−value increased, the estimated heterozygosity

of both varieties dropped significantly and stabilized at relatively

low levels (~1.39% for sour jujube and ~1.26% for jun−jujube),

while their estimated genome sizes also reached a stable plateau

(Figures 1e, f, i, j). This confirms that k = 21 can effectively

distinguish heterozygous signals from repetitive sequences in

jujube materials with different genetic backgrounds, thereby ensur-

ing the robustness of the analysis.

Based on these results, the k-value of 21 was identified as the

optimal parameter for jujube genome analysis. This value strikes a

balance between genome coverage and mapping specificity, ensur-

ing reliable estimation of genome size and heterozygosity while
Frontiers in Plant Science 04
maintaining computational efficiency - a crucial factor for large-

scale genomic studies.

2.1.2 Determination of the optimal genome
resequencing depth

To determine the cost-effective sequencing depth for reliable

genome characterization in jujube, we evaluated the impact of a

wide range of sequencing depths (10× to 270×) for ‘Dongzao’, (10×

to 114×) for sour jujube, and (10× to 103×) for jun-jujube—on

genome size and heterozygosity estimation using a k-mer size of 21.

As shown in Figure 1c, the estimated genome size initially

increased, then decreased, and gradually stabilized with the increas-

ing of sequencing depth. At 30× depth, the estimated genome size

was 409 Mb, which aligns closely with the established reference

genome size of approximately 411.6 Mb (Yang et al., 2023). The
FIGURE 1

Effects of K-mer value and sequencing depth on the estimation of genomic. (a-d) Dongzao; (e-h) Sour jujube; (i-l) Junzao. (a, e, i) Relationship
between K-mer value and genome size; (b, f, j) Relationship between K-mer value and genome heterozygosity; (c, g, k) Relationship between
sequencing depth and genome size; (d, h, l) Relationship between sequencing depth and genome heterozygosity.
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genome size of ‘Dongzao’ was determined to be approximately 444

Mb using flow cytometry, with Pyrus betulifolia (532.7 Mb) serving

as the internal reference standard. Although the physical genome

size measured by flow cytometry is typically slightly larger than the

total length of the assembled sequences—as it accounts for all

repetitive regions that are challenging to assemble—the close

agreement between these two results effectively achieves methodo-

logical cross-validation and confirms the accuracy of the findings.

Beyond 30×, the estimated genome size changed slightly. A similar

trend was observed for heterozygosity (Figure 1d): the estimated

value rose initially, then declined rapidly, and kept stable after

sequencing depth reached 30×. At 30× depth, the genome-wide

heterozygosity was approximately 1.31%. Similarly, with k fixed at

21 for sour jujube and jun-jujube, as sequencing depth increased,

both heterozygosity and genome size estimates stabilized when the

depth reached 30×, and further increases in depth yielded no

significant improvement (Figures 1g, h, k, l). Further increases in

depth beyond this point yielded no significant improvement in

estimation accuracy but substantially raised sequencing costs.

Therefore, a sequencing depth of 30× was identified as the

optimal one for jujube genome analysis. This depth provides a

balanced approach, ensuring accurate and stable estimations of

both genome size and heterozygosity while maintaining cost effi-

ciency-critical advantage for large-scale genomic studies in plants.

2.1.3 Application of the optimized parameters to
public genome resequencing data of jujube

To validate the above optimized parameters and assess the

reliability of public genomic resources in genomic study, we

analyzed the genome resequencing data from 793 jujube accessions

obtained from the NCBI database (K-mer = 21). The K-mer
Frontiers in Plant Science 05
frequency distributions were generated using KMC and profiled

with GenomeScope 2.0 (Supplementary Table 1).

Our analysis revealed a pronounced prevalence of low sequenc-

ing coverage in the publicly available datasets. Only 11 accessions

(1.39%) were sequenced to a depth greater than 30×. For these

accessions, the estimated genome sizes ranged from 324 to 399 Mb

(mean: 363 Mb), with heterozygosity rates between 1.20% and

1.68% (mean: 1.39%). These values are well consistent with those

obtained from our deep resequencing (30×) of 510 jujube acces-

sions, confirming the reliability of the estimates derived from

sufficient sequencing depth.

In stark contrast, the vast majority of jujube accessions from

NCBI database (n = 782, 98.61%) were sequenced at suboptimal

depths below 30×, with 771 accessions having only 10-20× cover-

age. This insufficient depth led to severe inaccuracies: genome sizes

were substantially underestimated (4.30–309 Mb), while heterozy-

gosity was markedly inflated (2.17%-11.8%). These estimates devi-

ate significantly from the benchmarks established using high-

quality genome assemblies, rendering them unreliable for down-

stream analyses.

Collectively, the above comparative results indicated that a

minimum sequencing depth of 30× is critical for obtaining accurate

and biologically meaningful estimates of genome size and hetero-

zygosity in jujube.

2.2 Genome size and heterozygosity
estimation across 296 jujube cultivars
using 30× resequencing data

Using the optimized bioinformatics workflow (KMC +

GenomeScope 2.0, k-mer = 21, sequencing depth = 30×), we

characterized the genome size and heterozygosity of 296 cultivated
FIGURE 2

Frequency distribution of genomic characteristics in cultivated and wild jujube. (a, b) Frequency distribution histogram of genome heterozygosity (a)
and genome size (b) in cultivated jujube; (c, d) Frequency distribution histogram of genome heterozygosity (c) and genome size (d) in wild jujube.
frontiersin.org

https://doi.org/10.3389/fpls.2026.1777223
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhao et al. 10.3389/fpls.2026.1777223
jujube accessions. Both traits exhibited an approximately normal

distribution across the population.

As shown in Figure 2; Supplementary Table 2, the genome

heterozygosity ranged from 1.30% to 2.01%, with a mean of

1.72% (coefficient of variation, CV = 8.21%). Genome size

varied from 293 Mb to 409 Mb, with a mean of 347 Mb

(CV = 5.94%). ‘Neihuangpingguozao’ showed the lowest heterozy-

gosity (1.31%) and a genome size (378 Mb) above-average.

In contrast, ‘Dunhuangdazao’ displayed the highest heterozygosity

(2.01%) with a genome size (345 Mb) near the mean.

‘Changxindianbaizao’ had the smallest genome (293 Mb) and a

heterozygosity (1.84%) above-average, while ‘Dongzao’ possessed

the largest genome (409 Mb) coupled with a heterozygosity (1.38%)

below-average.

Analysis of the genetic diversity in the studied cultivated jujube

cultivars revealed Shannon-Wiener index (H’) values of 2.04 for

genome heterozygosity and 2.08 for genome size, demonstrating a

medium level of diversity.

2.3 Genome size and heterozygosity
estimation across 214 wild jujube
genotypes using 30× resequencing data

We applied the same optimized bioinformatics workflow (KMC

+ GenomeScope 2.0, k-mer = 21, sequencing depth = 30×) to

analyze the genomic characteristics of 214 wild jujube accessions,

the wild progenitor of cultivated jujube. Both genome size and

heterozygosity were found to be normally distributed across the

wild population (Figure 2).

As shown in Figure 2; Supplementary Table 3, the genome-wide

heterozygosity of wild jujube genotypes ranged from 1.22% to

2.13%, with a mean of 1.74% (CV = 6.79%). Genome size varied

from 311 Mb to 391 Mb, with a mean of 339 Mb (CV = 3.40%).

Notable variations were observed among genotypes. ‘LW7-20’

exhibited the lowest heterozygosity (1.22%) and an above-average

genome size (372 Mb). In contrast, ‘D1Y3’ showed the highest

heterozygosity (2.13%) with a genome size close to the mean (321
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Mb). The smallest genome (311 Mb) was found in ‘LW4’, which

also displayed above-average heterozygosity (1.91%), whereas the

largest genome (391 Mb) was identified in ‘LW7-19’, accompanied

by below-average heterozygosity (1.45%).

Analysis of the genetic diversity in the studied wild jujube

genotypes revealed Shannon-Wiener index (H’) values of 1.88 for

genome heterozygosity and 1.98 for genome size, both lower than

those in cultivated jujube, also indicating a medium level

of diversity.

2.4 Comparison of genome characteristics
between cultivated jujube and wild jujube

To elucidate genomic changes associated with jujube domesti-

cation, we compared the genome size and heterozygosity between

cultivated jujube and its wild ancestor, wild jujube, using a k-mer-

based approach (KMC + GenomeScope 2.0, k = 21). Based on 30×

whole-genome resequencing data, we systematically compared the

296 cultivated jujube varieties and 214 wild jujube accessions.

To independently validate the heterozygosity results obtained

from k-mer analysis, we compared them with heterozygosity

estimates derived from SNP calling. Pearson correlation analysis

performed on 508 accessions revealed a significant positive corre-

lation between the two metrics (r = 0.435, p < 0.001; Figure 3). This

confirms that, although the absolute numerical scales of the two

methods differ due to their distinct principles, our k-mer-based

approach is reliable for assessing relative differences in heterozy-

gosity among samples.We calculated Model Fit (%), number of

convergence iterations, convergence tolerance, and residual stan-

dard error (RSE) to assess the goodness offit and numerical stability

of the model (detailed statistics are provided in Supplementary

Table 6). The results show that all samples achieved stable conver-

gence, with a final unified convergence tolerance of 1.49 × 10-8and a

relatively low number of iterations (typically 6-22), indicating a

stable and reliable model optimization process.

Comparative analysis revealed different genomic patterns be-

tween the cultivated jujube and wild jujube group. The 296
FIGURE 3

Cross-validation of heterozygosity estimation methods.
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cultivated jujube accessions exhibited genome sizes ranging from

293 to 409 Mb (mean: 347 Mb; CV: 5.94%) and heterozygosity from

1.30% to 2.01% (mean: 1.72%; CV: 8.21%). In contrast, the 214 wild

jujube accessions showed a narrower genome size range (311–391

Mb) with a lower mean (339 Mb) and substantially reduced

variability (CV: 3.40%). Wild jujube also displayed a marginally

higher mean heterozygosity (1.74%; range: 1.22-2.13%) but with

lower variation (CV: 6.79%) compared to cultivated jujube

(Figure 4). In case of genome dicersity, the Shannon-Wiener

Indices of cultivated jujube (2.04 for genome heterozygosity and

2.08 for genome size) are bigger than those of wild jujube (1.88

and 1.98).

To evaluate the statistical significance of the observed inter-

group differences and explore the intrinsic relationships between

genomic features, further analyses were conducted. The Shapiro-

Wilk test indicated that neither genome size nor heterozygosity

followed a normal distribution in either group (all p < 0.05), leading

to the use of the non-parametric Mann-Whitney U test for

comparisons. The results revealed a highly significant difference

in genome size between cultivated and wild jujube (U = 22494.0, p <

0.001), with the median genome size of cultivated jujube (3.49 ×

108) being significantly larger than that of wild jujube (3.37 × 108),

and the Common Language Effect Size (CL = 0.355) confirming the

practical relevance of this difference. In contrast, the median

heterozygosity values were similar between the two groups (culti-

vated: 1.74; wild: 1.75) and showed no statistically significant

difference (U = 29806.5, p = 0.256, CL = 0.471). Furthermore,

Spearman’s rank correlation analysis demonstrated a significant

negative correlation between genome size and heterozygosity across

all samples (r = -0.436, p < 0.001). This negative correlation was

also significant within each group, being strongest in the wild jujube

group (r = -0.527, p < 0.001) and slightly weaker but still significant

in the cultivated jujube group (r = -0.473, p < 0.001). All p-values

for correlation analyses remained significant after Bonferroni cor-

rection for multiple testing (adjusted threshold a’ = 0.01), under-

scoring the robustness of these findings.

Overall, wild jujube is characterized by a smaller average

genome size, slightly higher genome heterozygosity and lower

genome diversity relative to its cultivated counterpart. These

differential patterns may reflect the combined effects of genomic

structural variations, genetic drift, and sustained artificial selection

during jujube domestication. Our findings provide foundational
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insights into the genomic consequences of domestication and will

facilitate the identification of key genetic loci for future breeding

and germplasm utilization in jujube.

2.5 Association of genomic features with
fruit traits and its implications

To investigate the associations between genomic characteristics

and agronomic traits, we performed correlation analyses between

single fruit weight, genome size, and heterozygosity. Our analysis

(Figure 5) revealed a significant negative correlation between fruit

weight and heterozygosity (r = –0.597, P = 0.006), and a significant

positive correlation between fruit weight and genome size (r =

0.711, P = 0.0004). Furthermore, an extremely strong negative

correlation was observed between genome size and heterozygosity

(r = –0.853, P = 1.93×10-6). This finding is consistent with the study

by Wang et al. (2019) on 301 jujube cultivars, which reported a

significant positive correlation between genome size and fruit

weight-related traits. These results suggest that during jujube

domestication, genome expansion may be linked to the artificial

selection for increased fruit size, while the reduction in heterozy-

gosity likely reflects the genetic bottleneck effect. These identified

correlations preliminarily bridge the knowledge gap between geno-

mic features and phenotypic traits, thereby enhancing the potential

application value of our research in genomics-assisted breeding.
3 Discussion

3.1 The optimal sequencing depth and k-
mer size for accurate estimation of
genome size and heterozygosity in plants

Accurate estimation of genome size and heterozygosity is

fundamental to understanding the genetic architecture and evolu-

tionary history of a species. Previous studies have revealed consid-

erable variation in the choice of k-mer size and sequencing depth

for estimating these genomic parameters across different plant

species. But most of such researches are focused on one or several

species or genotypes. Li et al. (2019) employed k = 41 and 143.91×

sequencing depth to estimate a genome size of ~254.4 Mbp and
FIGURE 4

The genome size (a) and heterogeneity (b) distribution of the number of genotypes in cultivated jujube and wild jujube.
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heterozygosity of 0.63% in Apocynum venetum (Apocynaceae),

whereas Mgwatyu et al. (2020) used multiple k-values (17, 23, 27,

47) at 245× depth to estimate the genome of Aspalathus linearis

(Fabaceae) at 1.03-1.24 Gb. Zhou et al. (2023) reported a genome

size of ~553 Mb and heterozygosity of 1.93% for Ilex pubescens

(Aquifoliaceae) using k = 21 and 82.2× depth, while Al-Qurainy

et al. (2021) used the same k = 21 at depths of 243× and 255× to

estimate genome sizes of ~867.7 Mb and ~896 Mb for Reseda lutea

(Resedaceae) and Reseda pentagyna (Resedaceae) with heterozy-

gosity rates of 1.04% and 1.37%, respectively. Pu et al. (2020)

applied k = 17 and 90× depth to estimate the Lonicera japonica

(Caprifoliaceae) genome at ~887.15 Mb with ~1.27% heterozygos-

ity. Jia et al. (2019) used k = 17 and depths of 278× and 48× for two

Morella rubra (Myricaceae) accessions, estimating a genome size of

~313 Mb and heterozygosity of 0.56-0.70%. More recently, Zeng

et al. (2025a) reported a Citrus changshan (Rutaceae) genome size of

~326.65 Mb and heterozygosity of 3.07% using k = 21 and ~189×

depth. Wei et al. (2024) estimated genome sizes of ~385.66 Mb and

~394.12 Mb with heterozygosity of 2.0-2.8% for two jujube cultivars

using k = 21 and depths of 135× and 71×. Li et al. (2024a) estimated

the genome sizes of Malus asiatica ‘Flame’ (Rosaceae) and Malus

asiatica ‘Royalty’ (Rosaceae) to be 691.2 Mb and 685.4 Mb,

respectively, using a K-mer value of 21 with sequencing depths of

100× and 133×. The genome heterozygosity rates were estimated at

2.89% for ‘Flame’ and 1.78% for ‘Royalty’. Huang et al. (2024)

estimated the genome size ofOryza rufipogon ‘Y476’ (Poaceae) to be

approximately 420Mb and its heterozygosity rate to be 0.86%, using
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a K value of 21 and a sequencing depth of 70.9×. Li et al. (2025)

applied k=43 and 126.24-179.18× depth to estimate five Engelhardia

roxburghiana (Juglandaceae) with genome sizes of 724.5-1130.6 Mb

and heterozygosity of 0.47-1.28%. Zhang et al. (2021) used k = 17

and 21.48× depth to estimate Prunus armeniaca ‘Yinxiangbai’

(Rosaceae) genome at ~264.4 Mb with 0.99% heterozygosity, and

Yun et al. (2023) employed k = 17 and 21.5× depth to estimate a ~1

Gb genome in Stipa breviflora (Poaceae).

In summary, genome size and heterozygosity vary substantially

across plant species, and their reliable estimation generally requires

sequencing depths above 30× and k-mer sizes greater than 17. Our

study demonstrates that the estimates of genome size and hetero-

zygosity become stable in jujube in case sequencing depth beyond

30× and k-mer beyond 21, which has successfully applied in 510

accessions of both cultivated and wild jujube. Whether these

parameters are suitable for other species depends on genomic

features such as complexity, ploidy, repetitive content, and hetero-

zygosity. For highly heterozygous or repeat-rich genomes, it may be

necessary to increase both sequencing depth and k-mer size to

improve the accuracy of genomic parameter estimation.

3.2 The genome size and heterozygosity of
jujube compared with other plants

Extensive research has revealed substantial variation in genome

size and heterozygosity across plant species. To evaluate the

evolutionary position of the genomic characteristics of jujube
FIGURE 5

Correlations among fruit weight, genome size, and heterozygosity in jujube. (a) Spearman correlation matrix for the three traits, with color and circle
size indicating the direction and magnitude of the correlation coefficient (r). (b–d) Scatter plots with linear regression lines and 95% confidence
intervals for: (b) genome size vs. fruit weight, (c) heterozygosity vs. genome size, (d) heterozygosity vs. fruit weight.
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(Ziziphus jujuba), the following section first presents the broad-

spectrum variation background across the plant kingdom, with a

focused comparison on taxa sharing similar biological characteris-

tics. Genome sizes of plants range over several orders of magnitude,

which can be roughly divided into five grades, i.e., extremely large

(≥100 Gb), large (<100 Gb∼≥10 Gb), medium (<10 Gb∼≥1 Gb),

medium-small (<1 Gb∼≥0.5 Gb), small (<0.5 Gb). By now, the

largest one reported being that of Tmesipteris oblanceolata

(Psilotaceae) with approximate 160.45 Gb (Fernández et al.,

2024), and the smallest known plant genome being that of

Genlisea aurea (Lentibulariaceae) with approximate 63.6 Mb

(Leushkin et al., 2013). Other notably large genomes include Paris

polyphylla var. yunnanensis (Melanthiaceae) at about 54.58 Gb

(Zeng et al., 2025b), Lilium sargentiae (Liliaceae) at 35.66 Gb

(Liang et al., 2025), Pinaceae (Pinaceae) ranging between 20 and

30 Gb (Nystedt et al., 2013), and Picea abies (Pinaceae) at roughly

20 Gb (Bernhardsson et al., 2019). Moderately large genomes,

falling between 1 and 10 Gb, are exemplified by Chrysanthemum

morifolium (Asteraceae) with 8.47-8.88 Gb (Song et al., 2023),

Gloriosa superba (Colchicaceae) with 5.09 Gb (Liang et al., 2025),

Zea mays ‘Mo17’ (Poaceae) with 2.18 Gb (Chen et al., 2023), and

Aspalathus linearis (Fabaceae) with 1.03-1.24 Gb (Mgwatyu et al.,

2020). The majority of plant species possess genomes below 1 Gb.

For instance, Engelhardia roxburghiana (Juglandaceae) ranges from

724 to 858 Mb (Li et al., 2025), Malus ‘SH6’ (Rosaceae) genome at

649.37 Mb (Li et al., 2024b), and Ilex pubescens (Aquifoliaceae) is

approximately 553 Mb (Zhou et al., 2023). Additional examples

include Vitis vinifera (Vitaceae) at about 494.87 Mb (Wang et al.,

2024), Musa acuminata (Musaceae) near 485 Mb (Belser et al.,

2021), Populus alba ‘84K’ (Salicaceae) around 470.155 Mb (Qiu

et al., 2019), Citrullus lanatus ‘97103’ (Cucurbitaceae) at 359.8 Mb

(Guo et al., 2019), Fragaria nilgerrensis (Rosaceae) measuring 270.3

Mb (Zhang et al., 2020), Prunus armeniaca ‘Yinxiangbai’ (Rosaceae)

estimated at 264.4 Mb (Zhang et al., 2021), and Arabidopsis

thaliana (Brassicaceae) ranging from 135 to 155 Mb (Igolkina

et al., 2025). Notably, the genomes of common fruit trees listed,

such as apple (~650 Mb) and grape (~495 Mb), are significantly

larger than the jujube genome estimated in this study (~409 Mb).

Genome heterozygosity levels also vary considerably among

species in plants, which can be roughly grouped into five levels, i.e.,

extremely high (≥3%), high (<3%∼≥2%), medium (<2%∼≥1%),
medium-low (<1%∼≥0.5%), low (<0.5%). Most plants exhibit

heterozygosity below 4%. For example, Prunus armeniaca

(Rosaceae) and Prunus mume (Rosaceae) show about 2,95% and

3.21% (Yang X. W. et al., 2024), while Malus asiatica ‘SH6’

(Rosaceae) displays 3.58%, respectively (Li et al., 2024a). Lilium

davidii var. unicolor (Liliaceae) exhibits approximately 2.18% (Xu

et al., 2024), Solanum tuberosum ‘RH89-039-16’ (Solanaceae) shows

about 1.6% (Zhou et al., 2020), Populus alba ‘84K’ (Salicaceae)

displays nearly 2.16% (Qiu et al., 2019), Prunus persica (Rosaceae)

demonstrates around 1.33% (Yang X. W. et al., 2024), Lonicera

japonica (Caprifoliaceae) shows about 1.27% (Pu et al., 2020),

Engelhardia roxburghiana (Juglandaceae) ranges between 0.47%

and 1.28% (Li et al., 2025), and Malus domestica (Rosaceae)

varies from 0.85% to 1.28% (Sun et al., 2020). Many species

demonstrate heterozygosity below 1%, such as Prunus armeniaca
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‘Yinxiangbai’ (Rosaceae) at 0.99% (Zhang et al., 2021), Prunus

salicina (Rosaceae) at 0.97% (Yang et al., 2024), Oryza rufipogon

‘Y476’ (Poaceae) at 0.86% (Huang et al., 2024), Apocynum venetum

(Apocynaceae) species at 0.63% (Li et al., 2019), and Fokienia

hodginsii (Cupressaceae) at 0.54% (Rong et al., 2024). Wolffia

australiana (Araceae) represents an extreme case with a heterozy-

gosity rate of less than 0.3% (Li et al., 2023). Among the woody fruit

trees listed, the heterozygosity of species such as peach (~1.33%),

apple (0.85%–1.28%), and plum (~0.97%) are all lower than that of

jujube (1.30%–2.01%).

In comparison, the k-mer analysis in this study estimated the

genome size of jujube to be approximately 409 Mb. This is in close

agreement with the assembly result of the first jujube reference

genome (437.65 Mb), jointly confirming that jujube possesses a

relatively small genome among fruit trees. That reference genome

study also indicated that the jujube genome is relatively small and

highly complex, which is consistent with the relatively high hetero-

zygosity level (1.30%–2.01%) observed in this study. Compared to

Rosaceae fruit trees such as apple (~650 Mb) with a larger genome or

peach (~0.3%–1.33%) with typically lower heterozygosity, jujube’s

‘small but complex’ genomic feature appears particularly distinctive.

This genomic profile may stem from its evolutionary history,

including adaptation to diverse environments and the synergistic

interaction between its predominantly outcrossing reproductive

system and the unique historical practice of widespread grafting for

clonal propagation during domestication. This has enabled jujube to

maintain a compact genome size while simultaneously fixing and

transmitting advantageous heterozygous genotypes.

3.3 Exploration of the potential
mechanisms underlying the negative
correlation between genome size and
heterozygosity

This study systematically estimated the genome size and hetero-

zygosity of 296 accessions of cultivated jujube and wild sour

jujubebased on K-mer analysis. Spearman correlation analysis re-

vealed a significant negative correlation between genome size and

heterozygosity across all samples (r = -0.436, p < 0.001). Further

population stratification analysis showed that this negative correla-

tion pattern independently existed and reached significance within

both the cultivated jujube (r = -0.473, p < 0.001) and wild sour jujube

(r = -0.527, p < 0.001) groups. This result suggests that the negative

correlation between genome size and heterozygosity is not caused by

population admixture but represents a common pattern formed

during the domestication and long-term evolution of Ziziphus

species. Its underlying mechanisms can be interpreted by integrating

existing research findings on repetitive sequence characteristics, SNP

density differentiation, and gene number variation.

3.3.1 Divergence in repetitive sequence type and
proportion mediates the negative correlation
between genome size and heterozygosity

Repetitive sequences are the core factor driving genome size

differentiation. In Ziziphus species, long terminal repeat (LTR)
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retrotransposons constitute themajor component of genomic repetitive

sequences, accounting for 35%-40% of the genome (Huang et al.,

2016). Existing studies indicate that larger-genome jujube cultivars

often contain a higher proportion of LTR retrotransposons during

domestication, and these elements dominate the centromeric structure

of the jujube genome (Tenaillon et al., 2010; Lin et al., 2025). Notably,

repeat-rich regions such as centromeres typically exhibit lower recom-

bination rates, which hinders recombination and exchange between

alleles, thereby maintaining lower heterozygosity levels in these regions

(Tenaillon et al., 2010). Furthermore, tandem repeats in the genome

(e.g., centromeric satellite DNA, telomeric repeats) may be systemat-

ically underestimated in K-mer analysis due to assembly challenges

(Wu et al., 2025). However, given that all samples in this study were

analyzed using a uniform pipeline and considering the limited overall

impact of such sequences on genome-wide heterozygosity estimation,

the comparative results between groups remain reliable. The consistent

significant negative correlation observed in both cultivated jujube and

wild sour jujube groups further supports that differences in the type

and content of repetitive sequences are a core factor mediating the

association between genome size and heterozygosity.

3.3.2 Association of SNP density differentiation
with the negative correlation pattern

The population differentiation characteristics of SNP density pro-

vide another perspective for explaining the aforementioned negative

correlation. The latest jujube domestication pangenome study con-

firmed that under strong artificial selection pressure, the average

genome-wide nucleotide diversity (p) in cultivated jujube is significantly
lower than in wild populations, and identified 126 selective sweep

regions associated with domestication traits (Guo et al., 2024). This

indicates that strong directional selection occurred in gene regions

related to key agronomic traits such as fruit quality, leading to a

systematic reduction in SNP density and heterozygosity in these regions.

For wild sour jujube, genetic drift under small population effects can

lead to random loss of SNP sites. Meanwhile, individuals with larger

genomes tend to have a higher proportion of repetitive sequences,

resulting in a relatively smaller proportion of effective variable regions

(genic regions) and a more pronounced trend of reduced SNP density

(Ferchaud et al., 2020; Liu et al., 2025). This may be an important reason

why the negative correlation within the wild group (r = -0.527) is

stronger than within the cultivated group (r = -0.473).

3.3.3 Impact of gene number variation on
genome dynamics during jujube domestication

Dynamic changes in gene number are an important feature of

genome evolution during jujube domestication and are potentially

linked to genome size and heterozygosity. The domestication

process may lead to adaptive reshaping of gene families. For

example, some gene families related to stress resistance may

undergo contraction (Jiang et al., 2025), while those related to

fruit quality (e.g., acidity regulation) may expand (Liu et al., 2024).

Contraction of gene families is often accompanied by the loss of

redundant genes, which not only makes the genome more compact

but also, through the associated purifying selection process, reduces

heterozygosity in these regions (Leushkin et al., 2013). On the other
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hand, although the expansion of certain gene families may increase

genome size, the directional fixation of a few favorable alleles by

artificial selection similarly leads to a decrease in heterozygosity

within the expanded regions (Zhao et al., 2015). More critically, the

amplification of repetitive sequences can physically displace func-

tional gene space (Liu et al., 2025), leading to a decreased propor-

tion of effective genic regions capable of accumulating SNP

variation in the genome, thereby reducing overall SNP density.

Therefore, the dynamic changes in gene number and gene families,

by regulating the relative proportion of functional genic regions,

indirectly mediate the negative correlation between genome size

and heterozygosity. This is also an important manifestation of

genome evolution during the domestication of jujube from wild

to cultivated forms.

In summary, the negative correlation pattern between genome

size and heterozygosity in Ziziphus species discovered in this study

results from the combined effects of repetitive sequence differences,

SNP density differentiation, and dynamic changes in gene number.

Among these, artificial selection primarily drove the formation of

this pattern in the cultivated jujube group, while genetic drift played

a key role in the wild sour jujube group.

3.4 Clarifying the apparent paradox: higher
distribution diversity in cultivated jujube

Study reveals that the distribution diversity (Shannon index) of

both individual heterozygosity and genome size values within the

cultivated jujube population is significantly higher than that within

the wild sour jujube population. This section provides an integrated

interpretation of this finding.

The cultivated population exhibits a broader distribution of

individual values across two independent yet correlated genomic

traits, strongly suggesting the presence of a universal driving force

behind this pattern. We propose that this originates from the

unique evolutionary dynamics of the jujube domestication system.

Firstly, it is an open system with continuous genetic input. Gene

flow, predominantly from wild populations to cultivated popula-

tions, consistently supplies cultivated varieties with genetic material

encompassing diverse genomic structures and heterozygosity levels.

This transforms the cultivated population’s gene pool into a

dynamic “open system,” providing the material basis for the

broadening of variation across multiple traits (Yang M. et al.,

2024; Li et al., 2024). Secondly, diversified and strong artificial

selection plays a core role. Human breeding objectives for jujube are

highly diverse (e.g., large fruit, high sugar content, early ripening).

To achieve these varied goals, breeders objectively select and fix

genotypes with differing genome sizes and heterozygosity levels. For

instance, selecting for larger fruit size may indirectly favor genomes

with specific repeat sequence expansions (Huang et al., 2016), while

utilizing heterosis (hybrid vigor) may fix individuals with high

heterozygosity (Feldmann et al., 2024). This multi-targeted, high-

intensity artificial selection acts like a “diversification engine,”

synchronously driving the dispersion of multiple genomic trait

values within the population.

In stark contrast, the distribution of both traits in the wild sour

jujube population is more convergent. This reflects its distinct

evolutionary context. On one hand, natural selection exerts a
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stabilizing filtering effect. In the wild environment, the fundamental

selective pressures for survival and reproduction are relatively stable

and intense, tending to filter out extreme phenotypes (including

potentially maladapted extremely large/small genomes or abnormally

high/low heterozygosity). This causes the population’s trait distribu-

tion to converge around an adaptive optimum. Even if gene intro-

gression from cultivated varieties occurs, maladapted alleles are

rapidly purged (Brown and Kelly, 2022). On the other hand, within

the incompletely differentiated “sour jujube - jujube” system, the wild

population primarily plays the dual role of a diversity “source” and a

stabilizing “reservoir.” It serves as the source of variation output to

the cultivated population, while itself being constrained by strong

natural selection to maintain relative uniformity. The distribution

diversity difference observed in this study is a direct manifestation of

this dynamic equilibrium: the cultivated end rapidly diverges under

human intervention, while the wild end remains stable through a

balance of input and filtration (Li et al., 2024).

At the population level, the synergistic action of open gene flow

and diversified strong selection jointly broadens the overall spec-

trum of variation for key genomic traits within the cultivated

population. This demonstrates the capacity of artificial domestica-

tion to create and maintain a wide range of phenotypic and

genotypic variation. At the individual level, despite the broadening

of the variation range, the construction of an individual’s genome

still follows profound intrinsic constraints, manifested as the stable

negative correlation between genome size and heterozygosity. This

reveals that, at the micro-scale, physical and evolutionary limita-

tions of genomic structure (such as the suppression of recombina-

tion rate by repeat sequence amplification and the occupation of

effective gene space) constitute a fundamental trade-off. Therefore,

the domestication history of jujube is a dialectical process that

liberates variational potential at the population level while rein-

forcing fundamental constraints at the individual level.
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