
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Yunpeng Cao,
Chinese Academy of Sciences (CAS), China

REVIEWED BY

Tuanhui Bai,
Henan Agricultural University, China
Xitong Fei,
Northwest A and F University, China

*CORRESPONDENCE

Fenfen Yan

yanfening@163.com

†These authors share first authorship

RECEIVED 30 December 2024
ACCEPTED 05 February 2025

PUBLISHED 07 March 2025

CITATION

Xuan J, Ma Q, Ge L, Yan F, Yu J, Wang J,
Wu C and Liu M (2025) Variation analysis
and comparison of leaf and fruit traits of
triploid hybrid progeny in jujube.
Front. Plant Sci. 16:1553316.
doi: 10.3389/fpls.2025.1553316

COPYRIGHT

© 2025 Xuan, Ma, Ge, Yan, Yu, Wang, Wu and
Liu. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 07 March 2025

DOI 10.3389/fpls.2025.1553316
Variation analysis and
comparison of leaf and fruit
traits of triploid hybrid
progeny in jujube
Jiayuan Xuan1†, Quanhui Ma1†, Lixin Ge1, Fenfen Yan1,2*,
Jun Yu1, Jiurui Wang3, Cuiyun Wu1,2 and Mengjun Liu4

1College of Horticulture and Forestry, Tarim University/The National and Local Joint Engineering
Laboratory of High Efficiency and Superior-Quality Cultivation and Fruit Deep Processing Technology
of Characteristic Fruit Trees in Southern Xinjiang, Alar, China, 2Xinjiang Production and Construction
Crops Key Laboratory of Protection and Utilization of Biological Resources in Tarim Basin, Tarim
University, Alar, China, 3College of Forestry, Hebei Agricultural University, Baoding, China, 4College of
Horticulture, Hebei Agricultural University, Baoding, China
Introduction: Polyploid hybrid progeny have both ploidy and hybridization

effect, and abound in genetic variation of traits, which is an important material

for the breeding of excellent new varieties.Ploidy breeding is an important means

to improve and cultivate new varieties, which could overcome distant

hybridization incompatibility and play a great significance to species evolution

and environmental adaptation.Therefore, triploid breeding has a wide range of

application value in germplasm innovation and cultivation of excellent new

varieties of fruit trees.

Methods: In order to reveal the trait characteristics and variation analysis of

leaves and fruits of triploid hybrids, the ploidy identifications and SSR analysis

were carried out through all progeny, and the leaf, stomata, thorn, fruit quality

and other traits were compared and analyzed between the triploid and diploid

progeny. The genetic variation of the triploid progeny were further analyzed,

which could provide reference for hybrid parents selection, offspring traits

prediction, ploidy breeding of jujube.

Results: The results indicated that the triploid progeny exhibited significantly

higher values for leaf width, straight thorn length, and stomatal length compared

to diploid individuals. However, the leaf shape index and stomatal density were

significantly lower in triploids than in diploids. Furthermore, a low genetic trend

was observed for leaf traits in triploid progeny, while needle prick traits displayed

a high genetic trend. In contrast, stomatal width and stomatal density showed

moderate to low genetic trends. Significantly, the single fruit weight, single fruit

kernel weight and soluble solids content were significantly higher in triploids

compared to diploids. However, the kernel index and titratable acid content were

significantly lower in triploids than diploids. The genetic trend showed a high

inclination towards single fruit weight, fruit length, fruit shape index, kernel

transverse diameter and vitamin C content in triploid offspring. The edible rate

exhibited a moderate genetic trend, while kernel longitudinal diameter, kernel

index, and titratable acid content displayed a low genetic trend.
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Discussion: First, the occurrence of polypoloid hybrid progeny. Second, triploid

hybrid progeny of jujube has typical polypolid traits. Finally, abondance of genetic

variations of traits in triploid progeny.
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1 Introduction

Jujube (Ziziphus jujuba Mill.) is native to China, which is an

important fruit tree and the largest cultivated species in the world

with the highest economic and ecological values (Liu M. J. et al.,

2010). Jujube is increasingly favored and recognized by consumers

because of its rich nutritional components and medicinal value (Lu

et al., 2010). In 2020, the area of jujube in Xinjiang was 4.45 million

Mu, and the yield was 3.8124 million tons, accounting for about 52%

of China (Guo et al., 2023). Jujube industry is not only an important

pillar industry of agricultural development in Xinjiang, but also an

important way for farmers to increase their income. Jujube has the

characteristics of resistance to drought, barren soil, salt and alkali

stresses, but less tolerance to cold stress (Qi et al., 2024; Wang et al.,

2023). It plays an important role in ecological construction,

agricultural industrial structure adjustment, returning farmland to

forest, sand prevention, wind and sand fixation in arid areas of

northwest China such as Xinjiang (Wu et al., 2016). At present, the

development of Xinjiang jujube industry faced several challenges,

such as unreasonable variety structure, lack of special processing

varieties, imbalance of early, middle and late maturing varieties (Li

and Wei, 2013). In the process of cross breeding of jujube, due to the

important limitation of small flowers, low fruit setting rate and high

embryo abortion rate (Liu et al., 2013), the hybridization efficiency is

low and the breeding process of new varieties is slow. Therefore,

finding an efficient and accurate breedingmethod can effectively solve

the current dilemma of jujube breeding and promote the creation of

new jujube germplasms.

Ploidy breeding is an important means to improve and cultivate

new varieties, which could overcome distant hybridization

incompatibility and play a great significance to species evolution

and environmental adaptation. Excellent polyploid germplasms has

been created by sexual polyploidization means in different fruit tree

species, including apple, pear, grape, plum, kiwi, etc (Wang et al.,

2004). Hybridization between different ploidy is an important way

to create polyploid progeny. For example diploid seedless grapes

and tetraploid Kyoho hybridization was applied to obtain triploid

grape offsprings (Wang S. Y. et al., 2014). The triploid citrus

offsprings were obtained by hybridization of polyembryony

diploid and tetraploid citrus (Xie et al., 2014). The triploid

‘Huaxing’ pear was obtained by crossing tetraploid ‘Dayali’ with

diploid ‘Xuehua’ (Wang F. et al., 2014). Triploid apple ‘Jonagold’,

tetraploid grape ‘Kyoho’, and nine-ploid persimmon flat-core
02
cultivars were cross bred by ploidy breeding (Pu et al., 2013).

Fruit polyploid germplasm has significant advantages of huge

organs, no nuclei, strong stress resistance and high metabolite

content, and is also an excellent material for studying the

relationship between genome doubling and plant reproduction

and growth. In recent years, the citrus team of Huazhong

Agricultural University has obtained a large number of new citrus

triploid karyofree germplasm by using the hybrid combination of

monoembryonic diploid citrus varieties and tetraploid somatic

hybrids as parents (Xie et al., 2013). Zhao et al. (2006) studied

the flowering characteristics of wild plants related to sweetpotato

and found that tetraploid I.littoralis had more flowering numbers

than hexploid I.rifida. In terms of physiology, the polyploid

sweetpotato group plants also show certain differences in seed

setting rate. Du (2021) studied Epigenetic regulation mechanism

of vegetative growth advantage in allotriploid Populus spp. (Section

Tacamahaca) showed that the expression of differential genes in the

triploid of populus spp. resulted in rapid accumulation of auxin and

cytokinin, which were positively related to vegetative growth, and

decreased the contents of ethylene, abscisic acid and salicylic acid,

which were negatively related to vegetative growth, resulting in

accelerated cell division and growth, larger leaves, and increased

chlorophyll content in the triploid leaves of populus spp. The

chlorophyll degradation is slowed down, the photocontracting

ability is enhanced, and more sucrose and starch can be

accumulated, which has obvious growth advantages. By using

diploid and tetraploid hybridization to create triploid germplasm,

breeders have cultivated many new triploid varieties of apple, pear,

grape, citrus, etc. Therefore, triploid breeding has a wide range of

application value in germplasm innovation and cultivation of

excellent new varieties of fruit trees.

Morphological traits evaluation is the most effective means to

study plant genetic diversity, and the results of morphological traits

can reflect the phenotypic variation of different materials (Gao,

2011). Xiang et al. (2019) determined the morphological traits of

grape tetraploid progeny, which found that the coefficient of

variation of 14 traits was higher than 20%. The separation

interval of the maximum and minimum of the traits was in a

large range, and there was a phenomenon of hyperparental

separation. Xiao (2013) proposed that jujube germplasm in

Jinshan area of the Yellow River Basin had high inter-population

and intra-population variation and rich genetic diversity. The fruit

size and sugar traits of citrus triploid hybrid progeny were
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quantitative traits controlled by multiple genes, and the acid traits

might be regulated by main control genes. The fruit sugar and acid

content of triploid citrus group which was derived from ploid

hybridization tended to the high acid and low sugar parents, and

was significantly impacted by the male parent (Guan et al., 2024;

Wang et al., 2022).The fruit size of the hybrid progeny of tetraploid

‘Gala’ and diploid ‘Tengmu No.1’ showed a high-parent genetic

trend of large fruit type, titratable acid showed a low-parent genetic

trend of low acid, and fruit hardness showed a low-parent genetic

trend of low hardness. The orthogonal group of fruit soluble sugar

showed a high-parent genetic trend of high sugar, and the reverse

cross population of fruit soluble sugar showed a low-parent genetic

trend of low sugar. Overall, the reciprocal hybrids showed a genetic

trend of separation in fruit flavor, with the majority of sour-sweet

types (Yu, 2022). The triploid hybrid lines of diploid ‘Hanfu’ and

tetraploid ‘Gala’ had a maternal genetic tendency (He et al., 2015). It

is evident that polyploidy progeny represents rich trait variation

and transgressive inheritance. Therefore, ploidy breeding and

genetic mechanism of polyploid plant traits variation has been

widely concerned by fruits breeding researchers.

Jujube germplasm resources are abundant in China, and there are

944 known varieties and excellent lines (Liu and Wang, 2009).

However, only two varieties ‘Zanhuangdazao’ (Peng et al., 2005) and

‘Pingguozao’ (Liu et al., 2013) were identified as natural triploid

varieties currently. Ploidy hybridization is the most simple and

effective way to obtain new polyploids, but polyploid breeding of

jujube is still dominated by colchicine homologous induction. Liu

et al. (2010) induced the stem tip of ‘Linyilizao’ (2x) through colchicine

mutagenesis, and resulting in the production of the first tetraploid

jujube variety ‘Chenguang’. Thus, these researchers successfully

obtained the world’ first tetraploid jujube variety ‘Chenguang. Yan

et al. (2018) created 3 triploid and 1 diploid germplasms by using

‘Chenguang’ as a parent firstly. The above materials have important

application values in ploidy breeding research and provide the better

material support for developing new jujube polyploid varieties. The

previous studies found that there are rich and popular variation in the

traits of polyploid materials such as stem diameter, large leaves, large

flowers and fruits (Wang et al., 2022). Luckily, more triploid and

diploid germplasms were created by the hybridization of

‘Dongzao’×’Chenguang’ in the current study. In order to reveal the

trait characteristics and variation analysis of leaves and fruits of triploid

hybrids, the ploidy identifications and SSR analysis were carried out

through all progeny, and the leaf, stomata, thorn, fruit quality and other

traits were compared and analyzed between the triploid and diploid

progeny. The genetic variation of the triploid progeny were further

analyzed, which could provide reference for hybrid parents selection,

offspring traits prediction, ploidy breeding of jujube.
2 Materials and methods

2.1 Materials

The female parent was diploid ‘Dongzao’ (DZ, 2x=24) and the

male parent was tetraploid ‘Chenguang’ (CG, 4x=48). For two

consecutive years, controlled hybridization was carried out
Frontiers in Plant Science 03
through pollination by bees in nets (Qiu et al., 2022). The nets

were made of thin, breathable white mosquito net gauze, with 10 to

12 plants in each cage. At the early flowering stage (mid-late May),

beehives were placed in the net to raise young bees for assisting

pollination. A box of 2 spleen bees were placed in each net cage, and

the bees were fed with fresh water and sugar water every other week.

In 2016-2017, the harvested seeds were sown in the No.4

greenhouse of the Horticultural Experimental Station of Tarim

University and grew to seedlings. In 2021, the hybrid offsprings

and parent scions were collected and grafted in the 12th jujube

breeding test base of the First Division in Alar City, Xinjiang. The

grafting rootstock is 6-year ‘Huizao’. The plants were cultivated

with sufficient water, fertilizer and high consistent managements.

In 2021, 124 progeny were used to identify ploidy and hybrids.

Among them, 68 were triploid progeny and 56 were diploid

progeny. However, due to salinity and freezing damage in

Xinjiang, some test materials are missing. Therefore, 54 triploid

progeny and 16 diploid progeny with good fruit bearing and stable

traits were selected as experimental materials.
2.2 Methods

2.2.1 Flow cytometry identification
Ploidy identification was based on the method of Wang et al.

(2018), with partially improvements. During the early June 2021,

the tender leaves of the hybrid offsprings were collected. 0.2 g of

tender leaves were taken, washed with distilled water to remove the

surface dust, and then dried with filter paper and placed in a pre-

cooled (4°C) petri dish. 2 mL cell lysate was added and chopped

with a sharp blade to fully extract the complete nucleus. The

extraction time was 60 s. Lcell lysate was extracted from the petri

dish, filtered with the help of 400 mesh filter membrane into sample

tube and then 200 mL of DAPI dye was added. After mixing, the

sample tubes were placed in a refrigerator at 4°C and dye for 30 min

in dark. After staining, the samples were analyzed by using by BD

FACSCalibur flow cytometry and samples were placed in upper

sample tubes for further testing and then 5,000 to 10,000 nuclei

were collected. The diploid ‘Dongzao’ and tetraploid ‘Chenguang’

were used as the control. The DNA curve was generated directly by

the instrument, and the ploidy of the hybrid progeny was

preliminarily determined based on the measurement introduction.

2.2.2 SSR identification
Genomic DNA was extracted by modified CTAB method (Xiao,

2014). In the early June 2021, the tender leaves of each testing

material were collected. The SSR primers were developed based on

jujube genome sequencing data through literature searching, and 5

primers with optimum polymorphism and high repeatability were

screened for genetic diversity analysis and PCR amplification

(Supplementray Table 1). The PCR reaction system was 12.5 mL,
including genomic DNA 0.5 mL (about 10-25 ng), Taq Master Mix

6.25 mL, dd H2O 4.75 mL. Both forward and reverse primers are 0.5

mL. The PCR procedure was as follows: Pre-denaturation at 94°C for

5 mins, Denatured at 94°C for 30 s, annealed at 50-64°C for 30 s,

extended at 72°C for 30 s, 27 cycles, extended at 72°C for 7 mins.
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The PCR amplification products were detected by 8%

polyacrylamide gel electrophoresis.

2.2.3 Assay of leaf and thorn traits
Leaf traits were determined according to the methods described

by Qiu et al. (2021). In mid-September 2023, mature or nearly

mature leaves of jujube bearing shoots were collected from the trees

in the morning from 8:00 to 9:00. The leaves were placed in a zip-

lock bag and stored in an ice box to bring back to the laboratory.

The leaves were washed with distilled water and placed on filter

paper to remove the water. Then, the leaves were scanned by

Wanshen LA-S series plant image analyzer. The leaf length, leaf

width, leaf area and leaf circumference were measured by ImageJ-

64, and the leaf shape index (leaf length/leaf width) was calculated.

Each test material has 30 replications, and the average value

was calculated.

Thorn traits were assessed using the method proposed by

Pu (1990) with some modifications. In March 2023, the middle of

the secondary branch thorns were selected and the digital display

vernier caliper (0.01 mm) was used to measure the straight thorn

length, straight thorn thickness, hooked thorn length and thickness.

Each test material has 6 replications and the average value

was calculated.

2.2.4 Assay of stomatal traits
Stomatal mounts were made by the nail polish smearing and

tearing method (Miller-Rushing et al., 2009). In mid-September

2023, the leaves of jujube bearing shoots on different directions

around the canopy were randomly picked. Thin layer of nail polish,

approximately 1.5cm wide and 2cm long, was applied to the middle

of the underside of the leaves. After allowing it to settle down for

3~6 min, the nail polish was carefully removed with the help of

tweezers and placed it on the slide. 1~2 drops of water were added

and on the top and cover glass was placed on its top to prepare a

temporary slide. The temporary slide was observed with a

20×objective lens of an electron microscope (BX51 Olympus).

Each test material has 6 replications, each time 2~4 view fields

were randomly selected, a total of 15~20 view fields. The length and

width of 50 stomata were measured with ImageJ-64, and the density

of stomata was calculated.

Calculation formula of stomatal density (number·mm−2) =

number of stomata in the field of view/field area.
2.2.5 Assay of fruit size and fruit kernel traits
Fruit size and kernel traits were determined according to the

method proposed by Liu et al. (2013). In September-October 2022-

2023, 30 semi-red fruits with the same size and without any disease

were picked from the middle of the jujube bearing shoots in

different directions of canopy. The fruit weight, fruit longitudinal

and transverse diameters were measured by electronic balance

(0.01 g) and digital vernier caliper (0.01 mm), and the fruit shape

index (fruit length/fruit diameter) was calculated. Each test material

has 30 replications, and the average value was taken.
Frontiers in Plant Science 04
Edible rate = ðWF �WCÞ=WF

� 100% (WF   is fruit weight;  WC   is single fruit kernel weight)
2.2.6 Assay of fruit outer quality and
sensory traits

The semi-red fruits with the same size and without any disease

were picked from the middle of the jujube bearing shoot in different

directions of canopy. According to the classification criteria and

professional terms of ‘Chinese Jujube Germplasm Resources’ (Liu

and Wang, 2009), the classification, description and recording were

carried out. Two fruit outer quality traits (fruit shape and color) and

four sensory quality traits (peel thickness, flesh color, flesh texture

and fruit flavor) were determined by eyeballing method and group

tasting method. Each test material has 10 replications and

proportion of each trait was calculated.

2.2.7 Assay of fruit nutritional traits
Use a laboratory beater to mash and mix 30 jujube pulps, repeat

3 times for each test material and calculate the average value.

Soluble solids content: Automatic benchtop refractometer (RX-

5000a, ATAGO, Japan) (Mao et al., 2008) was used for

determination of soluble solids content. Vitamin C content: The

molybdenum blue colorimetric method (Chen et al., 2021) was used

to determine the vitamin C content. Soluble sugar content: The

anthrone sulfuric acid colorimetric method (Li et al., 2021) was used

to determine the soluble sugar content. Titratable acid content: The

acid-base neutralization titration method (Wang et al., 2021) was

used to determine the titratable acid content.
2.3 Date processing

Excel 2016 was used to sort out the data, and SPSS 26.0 was used

to analyze the data. Genetic variation formula:

CV = SD=F� 100%

MP = (P1 + P2)=2

MPH = (F�MP)Þ=MPÞ � 100%

RH = (NH=N)� 100%

RL = (NL=N)� 100%

In the formula, CV is the variation coefficient, SD is the

standard deviation of each trait. MP is the mid-parent value, P1

is the mean value of ‘Dongzao’ traits, P2 is the mean value of

‘Chenguang’ traits. MPH is the mid-parent heterosis, F is the mean

values of progeny traits. RH is ultra-high parent ratio, NH is higher

than the number of high parent progeny, RL is ultra-low parent

ratio, NL is lower than the number of low parent progeny, N is the

total number of hybrid progeny.
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3 Results

3.1 Hybrid progeny identification

3.1.1 Ploidy identification of hybrid progeny
The ploidy of the two parents (‘Dongzao’×’Chenguang’) and

hybrid progeny was detected by flow cytometry. The flow cytometry

of the two parents showed clear and stable peaks. Each had a high

single peak (Figures 1A, B). Because the female parent ‘Dongzao’ is

diploid, the peak of chromosome fluorescence intensity appeared at

about 200, the male parent ‘Chenguang’ is tetraploid, the peak of

chromosome fluorescence intensity appeared at about 400. In

addition, the peak of chromosome fluorescence intensity of

progeny appeared at about 300, which demonstrated they were

triploid progeny (Figure 1C), while the peak appeared at about 200,

which demonstrated they were diploid progeny (Figure 1D). The

statistical results of ploidy detection in the progeny were as follows:

out of 124 hybrid progeny, 68 triploids were detected, accounting

for 54.84%, and 56 diploids were detected, accounting for 45.16%.
3.1.2 SSR identification of the progeny
To conform whether the hybrid progeny are true hybrids, 5 SSR

primers were used to identify the diploid and triploid progeny
Frontiers in Plant Science 05
obtained from the hybridization of ‘Dongzao’×’Chenguang’

(Figure 2). Having paternal specific bands or both parents specific

bands is considered to be the key evidence for the identification of

true hybrids. The results showed that 118 of the 124 hybrids were

identified as true hybrids with specific bands of paternity or both

parents, including 50 diploid hybrids and 68 triploid hybrids. By

comparing the bands of 5 SSR primers (Table 1), Primer JSSR239

had the best efficiency in the identification of triploid progeny. The

hybrid rate of triploid progeny identified by primer JSSR239 was the

highest. Among them, 38 strains had both parent specific bands and

12 strains had paternal specific bands. The hybrid rate of diploid

progeny identified by primer JSSR131 was the highest. Among

them, 25 strains had both parent specific bands and 4 strains had

paternal specific bands.
3.2 Analysis of leaf traits in triploid progeny

3.2.1 Comparative analysis of leaf traits
By comparing the leaf size of triploid progeny with that of

parents and diploid progeny, it was found that the leaf size of the

triploid progeny was significantly larger than that of the diploids

(Figure 3). The leaf length, width, area and circumference of triploid

and diploid progeny were lower than those of both parents, and the
FIGURE 1

Ploidy detection of the two parents and hybrid progeny by flow cytometry. Note: (A): 'Dongzao'; (B): 'Chenguang '; (C): Triploid progeny; (D): Diploid
progeny; The abscissa axis represented the fluorescence intensity value, the ordinate axis represented the number of cell nucleus, and the location
of the peak represented the ploidy of progeny..
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leaf shape index was between that of both parents. The leaf shape

index of triploid progeny was significantly lower than that of

diploids, and the leaf width and area was significantly higher than

those of diploids (Table 2), showing the characteristics of round

leaves. With the increase of chromosome ploidy, the leaves of

triploid progeny were shorter and wider, and the leaf shape index

was smaller, which was significantly different from that of diploid

progeny. This feature can be used as a morphological indexes to

preliminarily determination of the ploidy of jujube hybrid progeny.

By comparing the thorn size of triploid progeny with that of

parents and diploid progeny, it was found that the thorn size of

triploid progeny was significantly larger than the diploid (Figure 4).

The female parent ‘Dongzao’ showed thorn degradation, while

straight and hook thorn of the male parent ‘Chenguang’ are pairs

of thorns. In the diploid and triploid progeny, there was no thorn

degradation, but only one triploid hybrid presents equal thorns

between straight and hooked thorn (Figure 4F). The thorn traits of

triploid progeny were greater than that of the male parent

‘Chenguang’. The straight thorn length, hooked thorn length in

triploid progeny was significantly higher than that of diploid,

showing the characteristics of larger thorn (Table 3). The straight
Frontiers in Plant Science 06
thorn thickness of triploid progeny was lower than that of diploid

progeny. It can be seen that the thorn of triploid progeny was longer

and thicker, which was different from that of diploid progeny. This

feature can be used as an auxiliary index to judge the ploidy of

jujube hybrid progeny.

By comparing the stomatal size of triploid progeny with that of

parents and diploid progeny, it can be seen that the stomatal size of

triploid progeny was significantly larger than the diploid (Figure 5).

The stomatal length, stomatal density and stomatal width of triploid

offsprings were intermediate between the parent values. The stomatal

length and stomatal width of triploid progeny were significantly higher

than those of diploid, but the stomatal density of triploid progeny was

significantly lower than that of diploid (Table 4), showing the

characteristics of larger stomata. Thus, with the increase of

chromosome ploidy, the stomata of triploid progeny were larger and

rounder, while the stomatal density decreased, indicating significant

difference from the stomatal size traits of diploid progeny. This

characteristic can also be used as one of the morphological indicators

to identify whether the plant chromosome had been doubled.

3.2.2 Variation analysis of leaf traits in
triploid progeny

The variation in leaf traits of triploid progeny was conducted

statistical analysis (Table 5). The variation coefficients of leaf indicators

in triploid progeny ranged from 13.13% to 33.35%, indicating that leaf

indicators were widely separated in triploid progeny. The mid-parent

heterosis of leaf indicators in triploid progeny were negative, and the

ultra-low parent ratio in leaf indicators wasmore than 70%, showing an

obvious tendency of low genetic variation. The variation coefficient of

thorn indicators in triploid progeny ranged from 12.50~34.29%,

indicating that the thorn indicators were separated to a greater

degree in triploid progeny. The mid-parent heterosis of thorn

indicators in triploid progeny was positive, and the ultra-high parent

ratio of thorn indicators was more than 70%, showing a trend of high
FIGURE 2

The band amplification of primer JSSR239 in parents and some
diploid and triploid progeny. (M): DNA maker; (♂): The female
parent; (♀): The male parent; (1~6): Triploid progeny; (7~12):
Diploid progeny.
TABLE 1 Distribution of different SSR loci in diploid and triploid progeny.

Primers Ploidy

Markers
presented in both
parents (plants/
percentage%)

Markers
presented only in
female parent

(plants/
percentage%)

Markers pre-
sented only in
male parent

(plants/
percentage%)

New Markers
presented in
progeny
(plants/

percentage%)

Markers absented
in progeny
(plants/

percentage%)

JSSR131
3x 40/58.82 22/32.35 6/8.83 0/0.00 0/0.00

2x 25/44.64 27/48.21 4/7.14 0/0.00 0/0.00

JSSR214
3x 0/0.00 37/54.41 30/44.12 0/0.00 1/1.47

2x 1/1.79 50/89.28 3/5.36 0/0.00 2/3.57

JSSR239
3x 38/55.88 16/23.52 12/17.65 0/0.00 2/2.94

2x 8/14.29 27/48.21 18/32.14 0/0.00 3/5.36

JSSR314
3x 0/0.00 36/52.94 21/30.88 4/5.88 7/10.29

2x 0/0.00 17/30.36 9/16.07 29/51.79 1/1.79

JSSR318
3x 0/0.00 20/29.41 47/69.12 0/0.00 1/1.47

2x 0/0.00 53/94.64 3/5.36 0/0.00 0/0.00
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genetic variation. The variation coefficient of stomatal indicators in

triploid progeny ranged from 11.96~15.08%, indicating that stomatal

indicators were widely separated in triploid progeny. The mid-parent

heterosis of stomatal width and density in triploid progeny were

negative, and the super-high parent ratio in stomatal width and

density was small, indicating a trend from intermediate to lower

genetic variation. The mid-parent heterosis of stomatal length in

triploid progeny was 1.35%, and the ultra-low parent ratio was 3.28%

in stomatal length, showing a trend of intermediate genetic variation.
3.3 Analysis of fruit traits in
triploid progeny

3.3.1 Comparative analysis of fruit outer and
sensory quality

The distribution of fruit outer and sensory quality of triploid

progeny were shown in Table 6. From the perspective of fruit shape,

the fruit outer traits of diploid and triploid progeny were quite

different. The fruit shape of triploid progeny was predominantly

oblate, accounting for 42.00% and 43.14% respectively in two
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consecutive years. However, the proportion of oval and round

shapes was the smallest. There were 5 and 6 malformed fruits in

the two years. The fruit color of the hybrid progeny showed

separation of four traits, among which the diploid and triploid

progeny were mostly red, accounting for more than 85.00%, and it

indicated the inheritance of fruit color traits was relatively stable. It

was one of the breeding objectives to select plants with thin pericarp.

By comparing the peel thickness of diploid and triploid progeny, it

was found that there were 27 and 11 plants with thin peel among

triploid progeny during the two years, accounting for 54.00% and

21.57% of triploid progeny, respectively. It demonstrates a significant

thinning trend of peel thickness in triploid progeny. From the

perspective of flesh color, the proportion of light green flesh in

triploid progeny was more than 80.00%, which was similar as

compared to parents. Flesh texture (Wang et al., 2016) and fruit

flavor (Wang et al., 2016) are important factors affecting fruit quality.

From the perspective of flesh texture, both parents had crisp taste.

There were 17 and 14 plants with crisp flesh in triploid progeny in 2

years, accounting for 34.00% and 27.45% of triploid progeny,

respectively. These findings indicated that the flesh texture of

triploid progeny could be inherited stably. From the perspective of
FIGURE 3

Leaf morphology of two parents, diploid and triploid progeny. (A) Leaf of ‘Dongzao’; (B) Leaf of ‘Chenguang’; (C) Leaf of diploid progeny; (D) Leaf of
triploid progeny.
TABLE 2 Comparison of leaf traits between triploid and diploid progeny.

Leaf traits
Mean ± SD

Leaf length/mm Leaf width/mm Leaf area/mm2 Leaf circumference/mm Leaf shape index

‘Dongzao’ (2x) 78.92 ± 5.69 33.44 ± 2.45 1863.16 ± 231.71 210.52 ± 14.91 2.36 ± 0.13

‘Chenguang’ (4x) 66.19 ± 8.35 49.16 ± 6.86 2394.98 ± 607.24 213.98 ± 27.02 1.35 ± 0.11

Triploid progeny (3x) 48.16 ± 7.98 30.41 ± 5.44** 1095.45 ± 365.36** 147.23 ± 26.18 1.60 ± 0.21**

Diploid progeny (2x) 49.11 ± 7.59 23.58 ± 4.21 849.64 ± 271.02 137.18 ± 21.78 2.11 ± 0.24
t-test of independence between triploid and diploid progeny, * represented the significant difference at p<0.05 level, and ** represented the significant difference at p<0.01 level.
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fruit flavor, the parents were mainly sweet-sour, but the sour-sweet

flavors of diploid and triploid progeny accounted for a large

proportion, which the sour-sweet flavors of triploid progeny

accounted for 46.00% and 45.10% respectively in two years.

3.3.2 Comparative analysis of fruit and fruit
kernel traits

By comparing the fruit size of triploid progeny with that of parents

and diploid progeny, it can be seen that the fruit size of the triploid

progeny was significantly larger than the diploid (Figure 6). The single

fruit weight, fruit diameter and fruit length of triploid progeny were

larger than that of female parent ‘Dongzao’, and smaller than that of

male parent ‘Chenguang’, but the fruit shape index was larger than that

of parents. The single fruit weight, fruit diameter, fruit length and fruit

shape index of triploid progeny were significantly higher than those of

diploid. The edible rate of triploid progeny was higher and significantly

higher than that of diploid (Table 7), showing the characteristics of large

fruit type. It can be seen that after doubling, the single fruit weight, fruit

diameter, fruit length, fruit shape index and edible rate all increased,

which was different from the fruit size traits of diploid progeny, laying a

foundation for the breeding of excellent large fruit progeny.

By comparing the size of fruit kernel of triploid progeny with

that of parents and diploid progeny, it can be seen that the size fruit

kernel of the triploid progeny was significantly larger than the

diploid (Figure 7). The single fruit kernel weight, longitudinal

diameter and transverse diameter of triploid progeny were larger,

but fruit kernel index was smaller when compared with female

parent ‘Dongzao’. The single fruit kernel weight, transverse
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diameter, longitudinal diameter of triploid offsprings were

significantly higher and the fruit kernel index was significantly

lower as compared to diploid progeny (Table 8), and it

demonstrated the characteristics of larger fruit kernel. Our results

demonstrated that with the increase of chromosome ploidy, single

fruit kernel weight, longitudinal diameter and transverse diameter

also increased, but decrease in the index of fruit kernel observed,

which was significantly different from the size of fruit kernel in

diploid progeny but consistent with the trends in fruit size of

triploid progeny. These findings indicated that this characteristic

can be used as a key indicator to determine whether the hybrid

progeny have undergone chromosomal doubling.

3.3.3 Comparative analysis of fruit
nutritional traits

By comparing the fruit nutritional traits of triploid progeny

with that of parents and diploid progeny, it was concluded that the

soluble solids and soluble sugar content of triploid progeny were

between those of parents, while the vitamin C content of triploid

progeny was less than that of diploid. The titratable acid content of

triploid progeny was significantly lower than that of diploid, and the

soluble solids and soluble sugar content were higher than those of

diploid (Table 9), showing the characteristics of high sugar and low

acid. Thus, we proposed that after doubling the triploid offsprings

was higher than the diploid in terms of sugar substances, but less

than the diploid in terms of acid substances. Therefore, it was

speculated that the phenomenon of high sugar and low acid was an

important feature of triploid offsprings.
FIGURE 4

Thorn morphology comparison of two parents and diploid and triploid progeny. (A) Thorn of ‘Chenguang’. (B, C) Thorn of diploid progeny.
(D, E) Thorn of triploid progeny. (F): Equal thorns (triploid hybrid T92).
TABLE 3 Comparison of thorn traits between triploid and diploid progeny.

Thorn traits

Mean ± SD

Straight thorn
length/mm

Straight thorn
thickness/mm

Hooked thorn
length/mm

Hooked thorn
thickness/mm

‘Dongzao’ (2x) 0.00 0.00 0.00 0.00

‘Chenguang’ (4x) 4.65 ± 1.11 1.09 ± 0.34 4.42 ± 1.45 0.89 ± 0.24

Triploid progeny (3x) 21.58 ± 5.78** 2.24 ± 0.28 5.60 ± 1.92** 1.18 ± 0.20

Diploid progeny (2x) 15.09 ± 5.19 2.34 ± 0.34 3.83 ± 1.57 1.15 ± 0.19
t-test of independence between triploid and diploid progeny, * represented the significant difference at p<0.05 level, and ** represented the significant difference at p<0.01 level.
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3.3.4 Variation analysis of fruit traits in
triploid progeny

The variation of fruit size traits in triploid progeny was analyzed

(Table 10). The variation coefficient of fruit size indicators in triploid

progeny ranged from 1.00~50.14%, indicating that fruit size indicators

were widely separated in triploid progeny. The mid-parent heterosis of

single fruit weight, fruit length and fruit shape index in triploid progeny

was positive with a high super parent ratio. It indicated a trend of high

genetic variation. The edible rate of triploid progeny showed a trend of

intermediate genetic variation. The ultra-low parent heterosis ratio of

fruit size indicators in triploid progeny was positive, and the ultra-low

parent heterosis appeared. The variation coefficient of fruit kernel

indicators in triploid progeny ranged from 14.88~52.73%, indicating

that there was a wide separation in fruit kernel size indicators in triploid

progeny. The mid-parent heterosis of fruit kernel longitudinal diameter

and fruit kernel index in triploid progenywas negative, and the ultra-low

parent ratio was high, indicating a trend of low genetic variation. The

mid-parent heterosis of the transverse diameter of the fruit kernel in

triploid progeny was positive, and the super-high parent ratio was high,

demonstrating a trend of large genetic variation. The variation coefficient

of fruit nutritional indicators in triploid progeny ranged from

9.79~22.13% indicating that fruit nutritional indicators were widely

separated in triploid progeny. Due to different years, the variation of fruit

nutritional indicators has a certain degree of differences. In 2022, the

mid-parent heterosis of fruit nutritional indicators in triploid progeny

were negative, and the ultra-low parent ratio was higher, showing a trend

of low genetic variation. In 2023, the mid-parent heterosis ratio of fruit

nutritional indicators in triploid progeny were positive, the ultra-high
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parent of vitamin C content was higher, showing a trend of high genetic

variation. While the ultra-low parent ratio of titratable acid content was

higher, showing a trend of low genetic variation.
3.4 Screening of large-fruit and high-sugar
triploid lines

All the triploid progeny were ordered according to the single

fruit weight and soluble sugar content from high to low, and the top

3 large-fruit triploid superior lines and the top 3 high-sugar triploid

superior lines were selected from the triploid progeny (Table 11).

The single fruit weight of T11 was 52.84 g, which was about 20 g
FIGURE 5

Stomatal morphology of two parents and diploid and triploid progeny. (A) Stomata of ‘Dongzao’; (B) Stomata of ‘Chenguang’; (C) Stomata of diploid
progeny; (D) Stomata of triploid progeny.
TABLE 4 Comparison of stomatal traits between triploid and
diploid progeny.

Stomatal traits

Mean ± SD

Stomatal
length/
mm

Stomatal
width/mm

Stomatal
density/

(number·mm2)

‘Dongzao’ (2x) 16.43 ± 1.88 8.48 ± 1.41 316.09 ± 80.20

‘Chenguang’ (4x) 24.98 ± 2.57 10.48 ± 1.53 181.88 ± 34.04

Triploid progeny (3x) 20.99 ± 2.51** 9.25 ± 1.31** 214.59 ± 32.35**

Diploid progeny (2x) 18.72 ± 1.82 8.28 ± 0.90 256.69 ± 27.58
t-test of independence between triploid and diploid progeny, * represented the significant
difference at p<0.05 level, and ** represented the significant difference at p<0.01 level.
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than that of the male parent. The soluble sugar content of T167 was

33.01%, which was about 10% higher than that of the parents.
4 Discussion

4.1 The occurrence of polyploid
hybrid progeny

Meiosis is an important way of cell division, and its normal

operation is of great significance to the genetic stability of

organisms. However, abnormal meiosis behavior can lead to

abnormalities in the number or structure of chromosomes in

gametes, and can also affect pollen size and fertility. The male

parent ‘Chenguang’ occurs abnormal behavior in the process of

meiosis. The chromosomal configuration is complex at meiotic

diakinesis, with univalents, bivalents, trivalents, quadrivalents, and

two nucleoli. Anaphase I and anaphase II showed the phenomenon

of abnormal cytokinesis. Diad, triad, polyad and some micronucleus

cells also appeared in the tetrad period (Lv et al., 2018). We

measured the size of ‘Chenguang’ pollen and found that the

proportion of normal pollen (2x) was 67.33%, the proportion of

small pollen (x) and large pollen (3x) was 30% and 2.67%,

respectively (to be published). We speculated that the pollen size

and fertility of ‘Chenguang’ were affected by the abnormal behavior

at different periods of meiosis, resulting in the emergence of diploid

progeny. However, the occurrence of diploid remains unclear, and

further research is needed. Through sexual polyploidy

hybridization, we created a batch of allotriploid germplasm. These

materials have the advantages of hybridization and ploidy effect, the

gene heterozygosity is higher, and the genome impact phenomenon

makes them more abundant phenotype and biological traits

variation, which is more suitable for plant genetic improvement.
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4.2 Triploid hybrid progeny of jujube has
typical polyploid traits

After sexual polyploidization, the biological characteristics of

most fruit trees changed due to chromosome doubling, such as

strong growth, thick branches, large leaves, big fruits and seedless,

and these traits showed high genetic stability in the process of

reproduction (Liu et al., 2011). Qiu (2022) found that, the leaf

length of jujube polyploid progeny became shorter, the leaf width

became wider, and the leaf shape index became smaller, indicating

that the leaf of jujube polyploid progeny was rounder. This study

found that the progeny of jujube triploid had polyploid

characteristics such as shorter leaf length, wider leaf width and

smaller leaf shape index. Wei et al. (2022) found that the leaf length

and leaf shape index of cassava tetraploid were smaller than that of

diploid, while the leaf width was larger than that of diploid, which

was consistent with our research results. The outcomes

demonstrated by other researchers have shown that stomatal size

and stomatal density have a certain correlation with plant resistance

(Franks et al., 2015). As stomatal density decreases, the plant

resistance tends to increase (Ramos and Volin, 1987). Dang et al.

(2011) showed that apple varieties with smaller stomatal density

had stronger resistance to brown spot disease. Zhao et al. (2017)

found that the stomatal density of pear varieties resistant to black

star disease was lower than that of pear varieties susceptible to black

star disease. In this study, the stomatal density of jujube triploid was

lower than that of diploid, indicating that jujube triploid had strong

stress resistance. Liu et al. (2024) found that the stomatal length and

width of tetraploid Cyclocarya paliurus were larger than that of

diploid, and the stomatal density was smaller than that of diploid. In

addition, tetraploid Fortunella hindsii Swingle (Zhang et al., 2022)

have similar stomatal characteristics. This study investigated and

analyzed characters of jujube triploid offspring for the first time,
TABLE 5 Variation analysis of leaf traits in triploid progeny.

Leaf traits
Variation

coefficient/%
Variation
range

Mid-parent
heterosis/%

Ultra-high
parent
ratio/%

Ultra-low
parent
ratio/%

Leaf
traits

Leaf length/mm 16.57 34.18~70.33 -33.63 0 98.33

Leaf width/mm 17.89 17.63~46.06 -26.37 0 71.67

Leaf area/mm2 33.35 485.52~2363.52 -48.55 0 96.67

Leaf circumference/mm 17.78 101.36~227.05 -30.63 1.67 96.67

Leaf shape index 13.13 1.36~2.43 -13.98 1.67 0

Thorn traits

Straight spine
length/mm

26.78 8.92~36.06 826.18 100.00 –

Straight barbed wire thickness/mm 12.50 1.54~2.85 305.45 100.00 –

Hooked barbs length/mm 34.29 2.27~14.15 153.39 74.58 –

Barbed wire thickness/mm 16.95 0.87~1.60 162.22 93.22 –

Stomatal traits

Stomatal length/mm 11.96 15.05~26.53 1.35 6.56 3.28

Stomatal width/mm 14.16 7.21~12.64 -2.43 14.75 27.87

Stomatal density /(number·mm2) 15.08 114.77~271.56 -13.82 0.00 16.39
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TABLE 6 Distribution of fruit outer and sensory traits in diploid and triploid progeny.

ensory traits

Ovoid Globose Cylinder
Oblong
globose

Abnormality

1 (12.50) 1 (12.50) 2 (25.00) 3 (37.50) 0 (0.00)

0 (0.00) 3 (6.00) 7 (14.00) 6 (12.00) 5 (10.00)

0 (0.00) 2 (14.29) 2 (14.29) 7 (50.00) 0 (0.00)

2 (3.92) 1 (1.96) 3 (5.88) 5 (9.80) 6 (11.76)

d Mauve Reddish brown

.50) 0 (0.00) 1 (12.50)

6.00) 6 (12.00) 0 (0.00)

2.86) 1 (7.14) 0 (0.00)

0.2) 2 (3.92) 1 (1.96)

ediate Thick

.00) 0 (0.00)

4.00) 1 (2.00)

.71) 4 (28.58)

7.06) 16 (31.37)

Green

0 (0.00)

2 (4.00)

1 (7.14)

4 (7.84)

Intermediate Compact

5 (62.50) 0 (0.00)

19 (38.00) 4 (8.00)

2 (14.29) 3 (21.42)

25 (49.02) 11 (21.57)
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Fruits Years
Parents Number of progeny (plants/percentage%)

‘Dongzao’ (2x) ‘Chenguang’ (4x) Ploidy Distribution of fruit outer and s

Fruit shape

Oblate
Flat

cylinder
Obovate

2022 Oblate Obovate
2x 0 (0.00) 0 (0.00) 1 (12.50)

3x 21 (42.00) 4 (8.00) 4 (8.00)

2023 Oblate Obovate
2x 2 (14.29) 0 (0.00) 1 (7.13)

3x 22 (43.14) 6 (11.77) 6 (11.77)

Fruit color

Light red Re

2022 Red Red
2x 0 (0.00) 7 (87

3x 1 (2.00) 43 (8

2023 Red Red
2x 0 (0.00) 13 (9

3x 2 (3.92) 46 (9

Peel thickness

Thin Interm

2022 Thin Thin
2x 6 (75.00) 2 (25

3x 27 (54.00) 22 (4

2023 Thin Thick
2x 5 (35.71) 5 (35

3x 11 (21.57) 24 (4

Flesh color

White Light green

2022 Light green Light green
2x 4 (50.00) 4 (50.00)

3x 2 (4.00) 46 (92.00)

2023 Light green White
2x 4 (28.57) 9 (64.29)

3x 4 (7.84) 43 (84.32)

Flesh texture

Loose Crisp

2022 Crisp Crisp
2x 2 (25.00) 1 (12.50)

3x 10 (20.00) 17 (34.00)

2023 Crisp Crisp
2x 2 (14.29) 7 (50.00)

3x 1 (1.96) 14 (27.45)
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found that the stomatal length and stomatal width of the triploid

offsprings of jujube became larger, and the stomatal density became

smaller, which refers to the characteristics of typical polyploid. It

also showed that the triploid progeny of jujube had strong resistance

from a biological point of view. The above-mentioned

characteristics of leaves and stomatal traits in triploid progeny of

jujube were in line with the characteristics of polyploidy, which can

be used as the most direct and effective method for preliminary

identification of ploidy of hybrid offspring of jujube, and it will

greatly reduce the workload and difficulty during jujube

breeding process.

After polyploidy of fruit trees, different characters of different

species will also show some differences (Abdolinejad et al., 2021). In

terms of fruit size, polyploid fruits are generally larger than diploid

ones. Wang et al. (2022) found that the single fruit weight,

longitudinal diameter and transverse diameter of apple triploid

fruits all increased. Liu et al. (2022) found that the single fruit

weight, transverse diameter, longitudinal diameter and edible rate

of jujube tetraploid increased. However, in the pear tetraploid

(Wang et al., 2015), the fruit does not increase, and its growth

rate is higher than that of the diploid. In this study, it was found that

single fruit weight, transverse diameter, longitudinal diameter, fruit

shape index and edible rate of jujube triploid increased, indicating

that the offspring of jujube triploid fruit had typical characteristics

of large fruit. Studies have found that a single plant with high sugar

and low acid appeared in the hybrid progeny of apple (Huang et al.,

2024) and apricot (Jiang et al., 2018), while a single plant with high

sugar and high acid appeared in the hybrid offspring of grape (Jia

et al., 2021). This study found that the titratable acid content of the

fruit of jujube triploid progeny was lower, the soluble solid content

and soluble sugar content were higher, and the phenomenon of high

sugar and low acid appeared. We speculate that this may be related

to the genetic characteristics of the parents, or it may be related to

environmental factors. It can be seen that with the increase of

ploidy, the fruit quality of jujube triploid progeny has been

improved, and resources with excellent quality traits can be

selected to provide important materials for new variety breeding.
4.3 Abondance of genetic variations of
traits in triploid progeny

As the main vegetative organ of fruit trees, leaves play an

important role in the growth and development of fruit trees. Liu

et al. (2023) Studied the leaf phenotypic traits of F1 generation in

Eucommia ulmoides showed that the coefficient of variation ranged

from 6.29% to 36.97%. Among them, the variation range of leaf area

was higher, the coefficient of variation was 36.97%. In addition, the

study on F1 generation of persimmon (Diao et al., 2017)showed

that the coefficient of variation of leaf phenotypic traits ranged from

6.87 to 42.78%, and the mid-parent heterosis ratio of 11 traits was

negative. This study found that the coefficient of variation of leaf

traits in triploid progeny was 13.13~33.35%. Among them, the

variation range of leaf area was higher, the coefficient of variation

was 33.35%, while the variation range of leaf shape index was

smaller, the coefficient of variation was 13.13%, and the mid-parent
T
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heterosis ratio is negative. The results showed that the leaf traits had

heterosis with dominant genetic effects and that jujube trees had

high heterozygosity, which was basically consistent with previous

studies on leaf variation of apple (Dang et al., 2012) and jujube (Qiu

et al., 2023). Thorns is a special character of jujube, which mainly

plays the role of self-protection. In production practice, it is easy to

pick jujube fruit without or with few thorns. Qi et al. (2009) found

that the variation coefficient of thorn length ranged from 23.53% to

27.86%, and the variation of traits among individuals was large,

while the difference between traits was small. Lu et al. (2003) found

that the variation coefficient of thorn traits of the naturally

pollinated seedlings of different varieties varied greatly. In this

study, the variation coefficient of thorn traits of jujube triploid

progeny ranged from 16.95% to 34.29%, and showed a trend of large

genetic variation, the heterosis and super high parent advantage was

noticeable. The variation of leaf and thorn traits of triploid progeny

was abundant, and it might be due to the highly heterozygous

nature of jujube trees, non-additive effect of the gene was

recombined during the hybridization process and ploidy effect.

Stomata is an important organ for gas and water exchange

between plants and the external environment, and playing a crucial

role in plants physiological processes. In the study of Dong (2016),

t h e s t om a t a l d e n s i t y , l e n g t h a n d w i d t h o f t h e

‘Qinguan’×’Honeycrisp’ hybrid showed varying degrees of
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variation, and the phenomenon of bidirectional superparental

separation was presented. In this study, the genetic variation of

stomatal traits in jujube triploid offspring was analyzed. It was

found that the coefficient of variation of stomatal traits in triploid

hybrid progeny was 11.96~15.18%, indicating rich genetic diversity

and great selection potential. The mid-parent heterosis rate of

stomatal traits in triploid progeny was -13.82~1.35%, and the

genetic transmission ability was 86.18~101.35%. The genetic

tendency of stomatal width and stomatal density showed a small

genetic trend, but the genetic tendency of stomatal length showed a

large genetic trend, and the heterosis was obvious. Shang et al.

(2020) found that the variation of stomatal traits of Populus

cathayana was mainly due to ploidy effect, followed by genotype

effect and environmental effect. Bai et al. (2015) found that ploidy

had a great impact on leaf, stomata and other characters of Populus

tomentosa. In this study, compared with the diploid offspring, the

leaves and stomata of the triploid progeny in jujube were

significantly larger. It is speculated that the main reason for the

variation of stomatal traits in triploid progeny of jujube is ploidy

effect, and the secondary reason is hybridization effect.

Fruit quality is an important indicator to measure whether fruit

tree varieties are excellent, and it also directly affects the consumers’

willingness to purchase, thereby improving their economic value.

Genetic improvement of fruit size and shape can be achieved by
FIGURE 6

Fruit morphology of two parents and diploid and triploid progeny. (A) Fruit of ‘Dongzao’; (B) Fruit of ‘Chenguang’; (C, D) Fruits of diploid progeny;
(E, F) Fruits of triploid progeny.
TABLE 7 Comparison of fruit size traits between triploid and diploid progeny.

Fruit size traits Years

Mean ± SD

Single fruit
weight/g

Fruit
length/mm

Fruit
diameter/mm

Fruit
shape index

Edible rate/%

‘Dongzao’ (2x)
2022 10.39 ± 2.03b 28.00 ± 2.10c 26.84 ± 1.99b 0.96 ± 0.03a 94.37 ± 1.68b

2023 8.76 ± 2.24c 32.96 ± 2.92b 22.94 ± 1.81c 0.70 ± 0.09d 96.67 ± 1.14b

‘Chenguang’ (4x)
2022 36.43 ± 4.88a 45.06 ± 2.57a 39.48 ± 3.16a 0.88 ± 0.07b 97.32 ± 0.49a

2023 33.58 ± 9.07a 41.87 ± 4.56a 39.89 ± 3.69a 0.96 ± 0.07b 98.88 ± 0.72a

Triploid progeny (3x)
2022 29.56 ± 14.82a 39.09 ± 8.53b 37.27 ± 6.44a 0.97 ± 0.10a 97.58 ± 0.98a

2023 24.56 ± 11.37b 33.57 ± 7.93b 34.65 ± 6.22b 1.05 ± 0.13a 97.35 ± 1.36b

Diploid progeny (2x)
2022 9.65 ± 8.91b 28.15 ± 9.66c 23.34 ± 7.30b 0.84 ± 0.07b 94.77 ± 2.47b

2023 7.37 ± 8.61c 22.49 ± 7.97c 20.06 ± 8.22d 0.88 ± 0.18c 92.52 ± 3.50c
Triploid and diploid progeny of the same year were analyzed for significance analysis, and different lowercase letters marked in the table indicated significant difference at p< 0.05 level.
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sexual polyploidization. Han et al. (2022) found that the variation

coefficient of single fruit weight of kiwi hybrid offspring was above

20% for three consecutive years, the genetic transmission ability was

lower than 100%, and the mid-parent heterosis rate was negative,

indicating that single fruit weight was susceptible to environmental

influences and heterosis was not obvious. Wu et al. (2022) studied

the fruit quantitative traits of 116 jujube germplasm resources and

found that the variation coefficient of single fruit quality was the

largest (41.30%) and the variation coefficient of edible rate was the

smallest (1.76%). In this study, the diversity of fruit size traits of

triploid progeny of jujube was analyzed. The variation coefficient of

single fruit weight was the largest (50.14%) and the variation

coefficient of edible rate was the smallest (1%), indicating that

single fruit weight was widely separated, the variation degree was

large, and the influence of genetic regulation and environment was

great, and the genetic improvement potential was great. This is

consistent with the results of Pan et al. (2023) on fruit size traits of

jujube. The variation coefficient of fruit size traits in this study was

generally higher than that in previous studies, indicating that the

genetic diversity of fruit size in triploid progeny was richer, which

may be related to different test materials or ploidy hybridization.

Yang et al. (2023) found that the fruit appearance heredity of the
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hybrid offspring of Jujube and Wild Jujube was more biased to the

father, while the fruit nutrition index heredity was more biased to

the mother. In this study, the genetic transmission ability of fruit

traits in jujube triploid offspring was higher than 80%, showed a

large genetic trend, obvious heterosis, and fruit size traits were more

biased to the father, which may be due to gene recombination in the

process of sexual polyploidy, resulting in the appearance of

‘Chenguang’ large fruit traits. Therefore, when breeding large fruit

type progeny as the breeding objectives, we should choose large fruit

varieties as parents as much as possible, in order to obtain more

large fruit type progeny. Due to the unusual situations in 2022, the

fruit picking was delayed, which may have impacted the

determination of fruit nutritional traits, mainly measured in 2023.

In this study, the variation analysis of fruit nutritional traits of

jujube triploid progeny was analyzed, and the variation coefficient

of vitamin C content was the largest (20.57%), and showed ultra-

high parent heritability, indicating greater genetic potential and

selection space in triploid progeny, which is consistent with the

research results of Xie et al. (2022) on the content of vitamin C in

‘Dongzao’ × ‘Jinsi 4’ hybrid F1 generation. On the contrary, the

variation coefficient of vitamin C content in strawberry Wang and

Wang (2023) hybrids was the lowest, the degree of variation was
FIGURE 7

Kernel morphology of two parents and diploid and triploid progeny. (A) Kernel of ‘Dongzao’; (B) Kernal of ‘Chenguang’; (C, D) Kernal of diploid
progeny; (E, F) Kernal of triploid progeny.
TABLE 8 Comparison of kernel traits between triploid and diploid progeny.

Kernel size traits Years

Mean ± SD

Single fruit kernel
weight/g

Kernel longitudinal
diameter/mm

Kenel transverse
diameter/mm

Kernel index

‘Dongzao’ (2x)
2022 0.56 ± 0.11b 19.49 ± 2.20b 7.84 ± 0.79c 2.50 ± 0.31a

2023 0.27 ± 0.04b 15.66 ± 1.21c 6.36 ± 0.34c 2.46 ± 0.15a

‘Chenguang’ (4x)
2022 0.96 ± 0.16a 22.56 ± 0.68a 10.27 ± 0.48a 2.20 ± 0.13b

2023 0.36 ± 0.20b 20.55 ± 2.79a 8.63 ± 1.57a 2.46 ± 0.55a

Triploidprogeny (3x)
2022 0.62 ± 0.31b 20.52 ± 4.66ab 9.34 ± 1.39b 2.23 ± 0.37b

2023 0.55 ± 0.29a 18.05 ± 4.38b 9.28 ± 1.56a 1.97 ± 0.37b

Diploid progeny (2x)
2022 0.36 ± 0.20c 16.66 ± 4.59c 7.12 ± 1.50c 2.38 ± 0.55ab

2023 0.33 ± 0.20b 14.80 ± 4.37c 7.32 ± 1.65b 2.07 ± 0.42b
Triploid and diploid progeny of the same year were analyzed for significance analysis, and different lowercase letters marked in the table indicated significant difference at p< 0.05 level.
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small, and the trait inheritance was more stable. Therefore, we

inferred that the genetic variation of vitamin C content is mainly

additive effect, and there is a positive non-additive effect.

The biological traits of polyploid progeny obtained by sexual

polyploidization are usually affected by both ploidy and hybridization

effect. Ploidy effect is an important factor affecting the variation of

sexual offspring traits. Liu et al. (2024) found that ploidy variation had

an effect on leaf size, shape, branch diameter and internode length of

‘Cuimi Kumquat’. Zhang et al. (2017) found that with the increase of

ploidy, the leaf thickness, upper epidermis, palisade tissue and sponge

tissue in rubber trees indicated significantly differences. This study

found that the leaf and fruit traits of different ploidy progeny were

significantly different, and the variation degree of triploid progeny was

greater than that of diploid progeny, indicating that ploidy effect had a

certain degree of influence on progeny traits. Hybridization effect is the

premise of the variation of progeny traits. Li et al. (2023) studied the

genetic diversity of two different jujube hybrid offspring groups and

natural pollination progeny groups, and found that the genetic diversity

levels of the three groups were significantly different. Ma et al. (2024)

studied the variation of long branch and leaf traits of diploid and

triploid hybrids of Populus cathayana. It was found that leaf traits such

as leaf length, leaf width, leaf area and petiole length were mainly

affected by genotype effect, and stomatal length, stomatal width and

stomatal density were mainly affected by ploidy effect. The

comprehensive analysis of this study found that the phenotypic traits

such as leaf size, stomatal size, and fruit size of the triploid progeny of

jujube were more susceptible to ploidy effects, while the internal quality

of the fruit was affected by ploidy and hybridization effects.

Polyploidy is an important driving force for plant evolution.

After polyploidy, there are corresponding changes in chromosome

number and chromosome recombination in the genome, and

epigenetic changes in gene expression, such as gene silencing and

activation, gene non-additive expression, sequence elimination,

transposon and DNA methyl pattern, small molecule RNA, and

nucleolar dominance, etc. Many genes and gene families also exhibit
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copy number changes after multiploidy. It was found that genome

hybridization had more effect on gene expression than genome

doubling. Based on genomic evidence, Feng et al. (2024) proposed a

framework model of the polyploidization-rediploidization process

to reveal the mechanism of plant genome ploidy change and

adaptive evolution in the context of global climate change. Blasio

et al. (2022) proposed that genomic changes and transcriptome

modifications produced in primitive allopolyploids can add

complexity during evolution, resulting in phenotypic innovations.

Harun et al. (2024) found that If polyploid plants are stable

effectively, they provide advantages over their diploid

counterparts. Polyploid has higher biomass, yield, vigor, larger

vegetative organs, seeds, and seed pods compared to diploid.

Therefore, allopolyploids are more complex in terms of genetic

mechanism and molecular regulation, and their character variation

is more obvious.
5 Conclusion

This study indicate that the triploid progeny exhibit typical

polyploid characteristics, such as round leaves and large stomata,

which can serve as preliminary indicators for identifying the ploidy

of hybrid progeny. The fruit size of triploid offspring demonstrates a

prominent trait of larger fruits, while their nutritional quality

exhibits distinct features of high sugar content and low acidity,

thus indicating excellent fruit quality traits in the progeny. The leaf

structure, stomatal characteristics, and fruit size in triploid jujube

progeny are significantly influenced by ploidy effects; however, both

ploidy effects and hybridization effects impact the fruit quality. The

allotriploid germplasm of jujube showed the advantages of huge

fruit and high metabolic content, which provided new material for

breeding and genetic research of jujube cultivars in the future, and

also provided a method reference for ploidy hybridization of other

varieties and tree species.
TABLE 9 Comparison of fruit nutritional traits between triploid and diploid progeny.

Fruit nutritional
traits

Years

Mean ± SD

Vitamin C content/
(mg/100g)

Soluble solid
content/%

Soluble sugar
content/%

Titratable acid
content/%

‘Dongzao’ (2x)
2022 289.23 ± 20.18 42.13 ± 0.12 36.80 ± 1.87 0.60 ± 0.18

2023 253.96 ± 4.58 41.48 ± 1.72 24.72 ± 1.34 0.49 ± 0.04

‘Chenguang’ (4x)
2022 301.19 ± 15.48 33.00 ± 0.20 23.47 ± 4.75 0.54 ± 0.18

2023 372.73 ± 19.50 32.96 ± 0.23 22.08 ± 0.73 0.56 ± 0.03

Triploid progeny (3x)
2022 268.44 ± 38.08* 32.92 ± 3.72 29.19 ± 6.46 0.50 ± 0.09**

2023 429.25 ± 88.28 37.53 ± 3.94* 24.00 ± 2.35** 0.61 ± 0.10**

Diploid progeny (2x)
2022 297.82 ± 50.59 30.70 ± 3.60 26.10 ± 4.06 0.70 ± 0.17

2023 467.81 ± 143.95 34.23 ± 4.88 20.35 ± 2.90 0.89 ± 0.23
t-test of independence between triploid and diploid progeny, * represented the significant difference at p<0.05 level.
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TABLE 10 Variation analysis of fruit traits in triploid progeny.

Traits Years
Variation

coefficient/
%

Variation
range

Mid-parent
heterosis/%

Ultra-high
parent ratio/%

Ultra-low
parent
ratio/%

fruit size
traits

Single fruit weight/g
2022 50.14 3.82~64.34 26.27 27.08 4.17

2023 46.29 5.12~52.84 16.01 17.65 11.76

Fruit
length/mm

2022 21.82 20.49~59.01 7.01 22.92 8.33

2023 23.62 18.28~55.82 -10.29 5.88 50.98

Fruit diameter/mm
2022 17.28 19.14~51.91 12.39 33.33 6.25

2023 17.95 20.21~44.51 10.28 17.65 3.92

Fruit shape index
2022 10.31 0.72~1.14 5.43 54.17 18.75

2023 12.38 0.77~1.38 26.51 74.51 0.00

Edible rate/%
2022 1.00 94.09~98.74 1.80 72.34 4.26

2023 1.40 92.36~99.10 -0.43 1.89 18.87

fruit kernel
traits

Single fruit
kernel weight/g

2022 50.00 0.21~1.59 -18.42 10.64 44.68

2023 52.73 0.20~1.54 66.67 67.92 9.43

Kernel longitudinal
diameter/mm

2022 22.71 12.00~31.58 -2.38 27.66 42.55

2023 24.27 11.52~33.44 -0.93 18.87 30.19

Kenel transverse
diameter/mm

2022 14.88 6.91~13.15 3.20 25.53 12.77

2023 16.81 6.16~14.39 22.43 58.49 1.89

Kernel index
2022 16.59 1.56~3.29 -5.11 21.28 48.94

2023 18.78 1.34~2.92 -19.59 9.43 88.68

fruit nutritional
traits

Vitamin C content/
(mg/100g)

2022 14.19 207.20~387.39 -9.07 22.92 72.92

2023 20.57 285.46~633.55 36.99 72.73 0.00

Soluble solid
content/%

2022 11.30 23.93~38.00 -12.38 0.00 41.67

2023 10.50 30.03~46.15 0.83 14.55 14.55

Soluble sugar
content/%

2022 22.13 17.87~40.50 -3.15 21.28 14.89

2023 9.79 19.22~33.01 2.56 14.55 34.55

Titratable acid
content/%

2022 18.00 0.31~0.76 -12.28 70.21 17.02

2023 16.39 0.42~0.92 15.09 9.09 61.82
F
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TABLE 11 Superior lines of large-fruit and high-sugar in triploid progeny.

Type No.
Single fruit
weight/g

Fruit
Length
/mm

Fruit
diameter
/mm

Fruit
shape index

Vitamin C
content

/(mg/100g)

Soluble
solid

Content/%

Soluble
sugar

Content/%

Titratable
acid

Content/%

Large
fruit

T11 52.84 55.82 43.10 0.77 36.07 508.82 22.13 0.63

T156 49.33 51.29 41.98 0.82 42.14 471.68 24.46 0.58

T180 47.88 50.54 44.51 0.90 35.44 308.94 25.69 0.56

High
sugar

T167 23.55 35.48 32.05 0.91 46.15 396.51 33.01 0.49

T181 6.97 21.46 23.10 1.08 36.85 506.56 26.84 0.82

T16 13.48 26.97 29.93 1.11 40.45 435.54 26.69 0.54
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