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Chinese jujube (Ziziphus jujuba Mill.), an economically significant species in the Rhamnaceae family, is a popular fruit tree in Asia. The sugar and acid concentrations in jujube are considerably higher than those in other plants. Due to the low kernel rate, it is extremely difficult to establish hybrid populations. Little is known about jujube evolution and domestication, particularly with regard to the role of the sugar and acid components of jujube. Therefore, we used cover net control as a hybridization technique for the cross-breeding of Ziziphus jujuba Mill and ‘JMS2’ and (Z. acido jujuba) ‘Xing16’ to obtain an F1 population (179 hybrid progeny). The sugar and acid levels in the F1 and parent fruit were determined by HPLC. The coefficient of variation ranged from 28.4 to 93.9%. The sucrose and quinic acid levels in the progeny were higher than those in the parents. The population showed continuous distributions with transgressive segregation on both sides. Analysis by the mixed major gene and polygene inheritance model was performed. It was found that glucose is controlled by one additive-dominant major gene and polygenes, malic acid is controlled by two additive-dominant major genes and polygenes, and oxalic acid and quinic acid are controlled by two additive-dominant-epistatic major genes and polygenes. The results of this study provide insights into the genetic predisposition and molecular mechanisms underlying the role of sugar acids in jujube fruit.
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1 Introduction

Chinese jujube (Ziziphus jujuba Mill.) is one of the most economically important fruit trees in China. Wild jujube (Z. jujuba Mill. var. spinosa) trees, which originally produced small, acidic fruit, evolved further to produce larger and sweeter fruits, and these varieties were domesticated (Mingxin et al., 2020). Fruit development and ripening are closely regulated at the genetic and epigenetic levels, so the genetics of the domesticated variety are likely altered (Huang et al., 2016; Song et al., 2019).

The sugars and acids present in fruits play an important role in determining fruit taste. The sugar and acid levels in jujube fruit are higher than those in other fruits (Liu et al., 2020). The gene families involved in sugar metabolism show greater expansion in the jujube genome than in the genomes of other Rosales fruits (Liu et al., 2014). As carbon sources and quality-related factors, soluble sugars in fruits, such as sucrose, fructose, and glucose, play a crucial role in fruit cultivation. Cultivated and wild jujubes exhibit highly contrasting profiles for sugar and organic acid dynamics during the fruit ripening process. Sucrose accumulation occurs gradually, and the organic acid accumulation performance differs between cultivated and wild jujube fruit (Huang et al., 2016; Song et al., 2019). The distribution of acid components in jujube fruit is highly balanced. There is a strong correlation between the sources and sinks of sugar in fruits. It has been shown that sugar transporter genes are highly expressed during the ripening of jujube fruit, which explains the high sugar accumulation in these fruit (Zhang et al., 2016). During jujube domestication, a series of genes involved in the key steps of sugar metabolism and organic acid metabolism underwent selection, and their transcript levels were enhanced in cultivated jujube compared to wild jujube (Huang et al., 2016; Song et al., 2019). There is also evidence that the sugar unloading systems differ between cultivated and wild jujube, as plasmodesmata are present in the cultivars but absent in wild jujube. It has been shown that sugar transporter genes are highly expressed during the ripening of jujube fruit, which explains their high sugar accumulation (Zhang et al., 2016).

Since Mendel’s study, research on the quantitative genetic basis of plant traits has been commonly conducted by using the frequency distribution of segregation representative types and genotypes (Porter and Theodore, 2014). In plant genetics, the quantitative trait genetic system is the gene system that affects plant traits in a quantitative manner. It is possible to determine how many plant traits are controlled by various genes and the genetic effects of individual genes by dividing them into major genes and minor polygenes, which coexist and affect plant phenotypes. (Gai et al., 2000). A method for separating and analyzing a mixed genetic model of major genes and polygenes has been developed. Gai Junyi regards the mode of mixed inheritance as the main gene + polygene genetic system (Gai et al., 2000), which represents a major polygene hybrid genetic model for identifying quantitative traits and estimating related genetic parameters. This method can be applied to the analysis of multiple or single genetic generations. A separation and analysis method for identifying quantitative traits has been proposed (Wang et al., 2001). In recent years, this method has been applied to food crops (Chen et al., 2009; Zhang et al., 2012), vegetables (Zhang et al., 2006; Qiang et al., 2014), fruits (Pastina et al., 2011; Fujikawa and Sawada, 2016), and flowers to analyze the genetic basis of segregation in plants.

Understanding the differences and genetics of wild and cultivated jujubes and their hybrid progeny in terms of the levels of fruit sugar–acid components will provide valuable information for the genetic improvement of jujube. Due to the extremely low fruit setting rate of jujube, it is difficult to cross jujube trees (Guo et al., 2019; Du et al., 2023), and there has been no genetic analysis reported for the sugar and acid components in jujube fruit under hybridization conditions. In this study, we established a cross-genetic population study of jujube and analyzed the genetic tendencies of different sugar and acid components. In addition, to study the inheritance of these components in jujube (Fenfen et al., 2020), we used hybrid genetic analysis to determine their genetic effects (Fernando et al., 1994).




2 Materials and methods



2.1 Plant material and growth conditions

In 2015, in the Jujuba Breeding Base of Hebei Agricultural University in the 7th Company of the 10th Regiment of the First Division of Xinjiang Production and Construction Corps, the male sterility jujube variety ‘JMS2’ and wild jujube ‘Xing 16’ (as parents) were enclosed together in a netted room, and bees were used to help pollinate. In the same year, the fruit were harvested, the kernels were removed, and the descendants were obtained by sowing. A total of 179 true hybrid progeny were obtained, as shown through the SSR identification (Fenfen et al., 2018). The fruit of the parents and some hybrids are shown in Figure 1. The parents and their 179 hybrid progeny were used as test materials to investigate and analyze the sugar–acid-related indicators for two consecutive years (2019 and 2020). For each individual tree, 10 healthy and pest-free fruit were randomly selected from four directions, in the southeast, northwest, and periphery of the crown, and the materials were sent back to the laboratory on the day of collection for sample treatment and the determination of various indicators.




Figure 1 | Fruit of parents and some F1 hybrids.






2.2 Determination of sugar content

Determination of the sugar composition and content was performed as follows: The sugar composition (fructose, glucose, sucrose) in the fruit was analyzed by high-performance liquid chromatography (HPLC). The liquid chromatography column used was a Waters XBridge™ Amide column (250 mm × 4.6 mm, 5 μm). The mobile phase was a mixed solution of triethylamine (TEA) and acetonitrile, prepared by mixing solution A (0.2% TEA in ultrapure water) and solution B (0.2% TEA in acetonitrile) at a ratio of 24:76 (v/v). The column temperature was controlled at 30 °C. The atomization tube temperature and drift tube temperature were controlled at 60 °C, the air flow was set at 1.6 L/min, the gain value was 1.0, the flow rate was set at 1.0 mL/min, and the detection time was 18 min. To prepare the standard curve for soluble sugars, the standard was dissolved in ultrapure water, and the volume was fixed. A total of 0.0100 g (accurate to 0.0001 g) each of the L-rhamnose, D-arabinose, D-fructose, D-glucose, D-sucrose, D-lactose, and D-maltose standards was accurately weighed out. The volume of the solution was fixed at 2 mL, and the standards were mixed evenly. The concentration of the mixed standard solution was 5 ng/μL. The uniformly mixed solution was filtered by a 0.22 μm microporous membrane and stored in a refrigerator at 4 °C until use. When needed, the mixed sugar standard solution was diluted stepwise with ultrapure water to prepare 1.0 ng/μL, 0.8 ng/μL, 0.6 ng/μL, 0.4 ng/μL, 0.2 ng/μL, 0.1 ng/μL, and six other standard solutions with different concentrations, and then 10 μL samples were injected in sequence. The peak area was determined on the computer. Taking the sugar concentration as the abscissa (X) and the peak area as the ordinate (Y), a standard curve was drawn, and a linear regression equation was established (Table 1).


Table 1 | Regression equation and correlation coefficient for determination of sugar components.



The extraction solution was prepared as follows: the pulp was homogenized by grinding at low temperature. Then, 1.000 g of the homogenate was accurately weighted out, 10 mL of 80% ethanol was added, and the mixture was placed in a water bath at 80 °C for 30 min. Then, the mixture was centrifuged at 4000 r/min for 10 min, the remaining residue was extracted twice with 10 mL of 80% ethanol, the filtrates were combined, and the ethanol was evaporated by decompression. The remaining solution was brought to 25 mL with ultrapure water and filtered with a 0.22 µm microporous membrane. The filtrate was used to determine the sugar composition in the jujube fruit. Under the same conditions, 1 μL of the sample was extracted. Three consecutive determinations were carried out to obtain the peak area of the sample, and the levels of soluble sugar components in the sample were calculated according to the regression equation.




2.3 Determination of acid content

The levels of the acid components were determined by HPLC, and the specific steps are described below. The liquid chromatography conditions were as follows: a Shimadzu Inertsil™ AQ-C18 (4.6 × 250 mm, 5 µm) from Shimadzu Experimental Equipment Co., Ltd. was used as the chromatographic column, and the mobile phase was a phosphoric acid buffer solution consisting of 0.04 mol/L K2HPO4 with a pH of 2.6~2.8 (adjusted with phosphoric acid). The instrument flow rate was set to 0.8 mL/min, and the column temperature was controlled at 30 °C. The detector was a diode array detector, and the measurement was carried out at a wavelength of 210 nm. The organic acid standard curve was prepared as follows: 0.0100 g (accurate to one tenth of a million) each of oxalic acid, tartaric acid, quinic acid, malic acid, citric acid, fumaric acid, and succinic acid standards was weighed out. The standards were dissolved in ultrapure water in a constant volume of 10 mL and mixed evenly. The concentration of this solution was 1 mg/mL. The solution was passed through a 0.22 μm microporous membrane and stored in a refrigerator at 4°C until use. When needed, the standard stock solution was dissolved in the mobile phase at an appropriate concentration to prepare standard working solutions of different concentrations. Then, 1 mL, 2 mL, 4 mL, 6 mL, 8 mL, and 10 mL of the standard stock solution were diluted stepwise to 50 mL with the mobile phase to prepare a series of mixed standard solutions with different concentrations (0.02 mg/mL, 0.04 mg/mL, 0.08 mg/mL, 0.12 mg/mL, 0.16 mg/mL, and 0.2 mg/mL), and 10 samples were injected in sequence (l0 μL injection volume). A computer was used to measure the peak area. Taking the organic acid concentration as the abscissa and the peak area as the ordinate, a standard curve was drawn, and a linear regression equation was established (Table 2).


Table 2 | Regression equation and correlation coefficient for acid component determination.



The acid extraction solution was prepared as follows: peeled pulp (1.000 g) was precisely weighed out, ground into homogenate under low temperature, extracted with 0.04 mol/L potassium dihydrogen phosphate buffer solution (pH 2.6-2.8, mobile phase), extracted with an ice bath with ultrasonication for 20 min, transferred to a 4 °C centrifuge, and centrifuged at 4000 r/min for 10 min. The supernatant was transferred to a 10 mL volumetric flask. The residue was extracted twice, dissolved to 10 mL with potassium dihydrogen phosphate buffer solution, and passed through a 0.22 µm microporous membrane for testing. The acid components in jujube fruit were quantified according to the regression equation for acid components.

The total sugar content of the fruit was measured by the anthrone sulfate method.

The total acid content of the fruit was measured by the NaOH titration method (Yan et al., 2021).




2.4 Statistical analysis

Analysis of the effect size indices for the two-sample t-test was performed to support the differences attested to in sugar and acid distribution in fruit research. SPSS 17 software was used for descriptive statistical analysis and origin mapping.

Heterosis was analyzed by determining the mid-parent heterosis and mid-parent heterosis rate (Bai and Ru, 2011) as follows: mid-parent heterosis (Hm)=Fm–VMP and the mid-parent heterosis rate (RHm%)=(Fm–VMP)/VMP×100. In these equations, Fm is the mean number of phenotypic traits of the F1 population, and VMP is the average number of phenotypic traits of both parents.

Based on the method of Gai Junyi (Gai et al., 2003), genetic analysis was conducted on 10 phenotypic data points of the F1 population. By calculating the maximum likelihood value (MLV) and Akaike’s information criterion (AIC) value of 11 types of genetic models of class A (polygene or a pair of major genes) and class B (two pairs of major genes), the AIC values of different models were compared (Akaike, 2003), and the suitability test was carried out to determine the optimal model. Genetic parameters such as the variance, additive effect, dominant effect, and heritability of major genes were estimated by the least square method.

The R language SEA software package was used for analysis (https://tran.rproject.org/web/packages/SEA/inde).





3 Results



3.1 Sugar and acid content of fruit

The sugar and acid levels of the fruit of the hybrid population were measured for two consecutive years. The average sugar levels in 2019 and 2020 were 33.87% and 33.02%, respectively, and the average acid levels in 2019 and 2020 were 3.41% and 3.51%, respectively. All the data points were basically distributed around the mean value without significant differences, and the sugar and acid levels of the fruit in the genetic population tended to be stable (Figure 2).




Figure 2 | Fruit sugar–acid dispersion diagram of the F1 population in different years.






3.2 Genetic tendency of sugar and acid components in fruit

The levels of sugar and acid components in the fruit of the F1 hybrid population were determined as shown in Figure 3. The sugar components in the fruit included sucrose, glucose, and fructose. There were seven acid components: oxalic acid, malic acid, citric acid, succinic acid, tartaric acid, quinic acid, and fumaric acid. Among the acid components, the mean level of quinic acid was the highest at 3.012%, and that of tartaric acid was the lowest at 0.007%. The most abundant sugar component was sucrose at 18.70%, and the least abundant was fructose at 7.64%. The distribution range of the coefficient of variation of each component was 28.4~93.9%, and the segregation difference of the F1 generation was large. The distribution of malic acid and quinic acid was flatter when the kurtosis was lower than 0. When the sucrose skewness was negative (-0.185), the distribution appeared left skewed, and more data points appeared on the left side of the mean value. When the skewness of the other components was greater than 0, the distribution appeared right skewed, wherein the skewness of oxalic acid, fumaric acid, citric acid, succinic acid, and tartaric acid was greater than 1. The skewness distribution of quinic acid, malic acid, fructose, and glucose was in the range 0.097~0.477, exhibiting greater uniformity than other indicators.




Figure 3 | Dispersion of sugar and acid groups in fruit of the F1 population.



A comparison showed that the proportion of sugar components in the F1 generation and in the parents were similar (Figure 4). Among them, the sugar content was the highest, with a proportion of 39.17% in the male parent and 45.03% in the female parent. The sugar composition changed in the F1 generation, and the average proportion of sucrose in the F1 generation increased to 54.56%. The fructose content of the F1 generation was less than that of the parents, accounting for 21.78% of the total sugar. The proportion of the acid components was similar to that of the sugars, and the acid compositions of the F1 generation and parents were similar, with both dominated by quinic acid. The proportion of quinic acid in the F1 generation was the highest at 82.32%. The abundances of other acid components tended to be similar in the female parent.




Figure 4 | Proportion of different sugar and acid components in the parents and F1 population.



The cluster analysis of the fruit acid composition of the F1 hybrid population is shown in Figure 5. Owing to the great difference between cultivated jujube and wild jujube, the distribution of the acid components in the hybrid F1 generation is complex. The population could be divided into eight different acid groups with different properties. Of these, group I had the most progeny, and the abundance of the different acid components in this group was relatively average. The acid components with the highest levels in groups II, III, IV, VII, and VIII were tartaric acid, fumaric acid, oxalic acid, citric acid, and succinic acid, respectively. Group VI had only two progeny, but this group had high levels of citric acid, succinic acid, malic acid, and quinic acid, and group V had high levels of malic acid and quinic acid in the fruit.




Figure 5 | Cluster analysis of the fruit acid content of F1 generation jujube.



The distribution of sugars in the fruit of the hybrids was more definite than that of acids (Figure 6). The F1 generation was split into six groups by cluster analysis. Of these groups, group I had the most uniform sugar content of any population, and the content was also moderate. The levels of reducing sugars (glucose, fructose) in groups II and IV were high, and group IV had a higher reduced sugar content than group II. Group V was a high-sucrose group, and group III had very high levels of all three sugars. In contrast, group VI was a low-sugar group.




Figure 6 | Cluster analysis of the fruit sugar content of F1 generation jujube.



As shown in Table 3, there was no significant difference in the sugar components sucrose, glucose, and fructose between the hybrid F1 fruit and their parents. Significant differences were observed for succinic acid and tartaric acid among the acid components with their parents, as well as oxalic acid and malic acid. Among the sugar components, the mid-parent heterosis of sucrose was positive (5.519), and the dominant genetic effect of the genes controlling the sucrose synergism was strong, while the mid-parent heterosis of glucose and fructose was negative (-1.153, -1.250), and the genetic effect of the genes controlling this trait was strong. The average value of the three sugar components in the F1 generation exceeded the range of the parental values. Glucose and fructose had a very low parental value, while sucrose had a very high parental value.


Table 3 | Heterosis of sugar and acid components in fruit of hybrid offspring.



Among the acid components, except for fumaric acid, the mid-parent heterosis was positive (0.0003), while for the other acid components, the mid-parent heterosis was negative. The genetic effect of the genes controlling the reduction in acid components was strong, with tartaric acid exhibiting the lowest mid-parent heterosis rate of -78.27%.




3.3 Mixed genetic analysis

The main gene+polygene mixed genetic analysis method was used to analyze the 10 fruit components of the hybrid F1 generation. We calculated the AIC value of the model for each of the sugar–acid components. There were some differences in the AIC values for each of the sugar–acid components, and these differences could be used to judge the degree of compatibility of each genetic model. (Table 4). AIC information can balance the complexity of the estimated model with the rationality of the fitted data.


Table 4 | AIC values from fruit polysaccharide segregation analysis of the population.



According to the AIC values, the minimum AIC value was determined, and the model closest to the minimum AIC value was selected as the candidate model for the uniformity test, Kolmogorov–Smirnov test, and Kolmogorov test (Table 5). By comparing the calculation results of each model, the best model for different phenotypic traits was determined. Taking oxalic acid as an example, the models with low AIC values included the 2MG-ADI, 2MG-AD, 1MG-AD, and 0MG models, with values of -626.1367, -623.2667, -621.6778, and -616.4143, respectively, and these could be used as alternative models. The homogeneity test  , Smirnov test (nW2), and Kolmogorov test (Dn) were used to test the suitability of these four candidate models, and the model with the most significant test statistics was selected as the optimal model. The results showed that none of the values reached a significant level. Since the AIC value of 2 MG-ADI was the lowest, it was determined to be the most appropriate model. Oxalic acid is controlled by two pairs of additive-dominant-epistatic major genes. According to this rule, the optimal model for different sugar and acid components was determined (Figure 7).




Figure 7 | Optimal model for genetic mixture analysis of fruit sugar and acid compositions.




Table 5 | Suitability test for fruit polysaccharides.



The additive effect of the major genes of different components was positive (Table 6). Among them, oxalic acid was affected by the interactions of two pairs of major genes, and the additive effects of the two pairs of genes were 0.0359 and 0.0153, while the dominant effect was negative. The effect of the first pair of genes was higher than that of the second pair of genes, and the heritability of the major gene was 68.19%. The additive and explicit components of the epistatic effect generated by the interactions of two pairs of genes were both positive. Quinic acid was also controlled positively by two pairs of major genes. The additive effect of the first major gene (2.3978) was greater than that of the second major gene (0.6313), while the dominant effect was negative. The epistatic effect of the two alleles was positive (0.6309), except that the additive effect (-0.1185) was negative. With a significant additive effect (1.7157) and a significant explicit effect (1.3984), the heritability of the major gene was 95.09%. Malic acid is controlled by two pairs of major genes. The additive effects were 0.1029 and 0.1227. The dominant effects were -0.1426 and -0.0856, respectively. Glucose was controlled by a pair of major genes. The additive effect was 2.1237, the dominant effect was -2.0943, and the heritability was 46.72%.


Table 6 | Estimation of genetic parameters of fruit polysaccharides.







4 Discussion

Cultivated jujube evolved from wild jujube (Jin and Jun, 2003; Wang et al., 2014; Badr et al., 2020). During the evolution of a species, segregation determines whether a trait is associated with two or more genes. The experimental material is the true hybrid material obtained from hybridization and molecular identification (Jin et al., 2014). The variation coefficients of different sugars and acids in F1 fruit vary greatly, ranging from 28.4% to 93.9%, providing a good background for genetic analysis (Bazzaz et al., 2011). According to the analysis of the proportion of sugar and acid components in the progeny, the distribution of acid components in the F1 generation was similar to that of the parent, while the distribution of sugar components in the F1 generation was sucrose>glucose>fructose, which was the same as that of the parent, but the proportion of sucrose in the progeny was higher than that in the parent. Sucrose (54.56%) and quinic acid (82.32%) accounted for the largest proportion of sugar and acid components, with abundances in the progeny higher than those in the parents. The sucrose skewness was negative (-0.185), more data points were distributed at values higher than the mean value, and the quinic acid skewness was positive (0.097). The distribution characteristics were more uniform around the mean value. The dominant effect of the genes controlling sucrose and quinic acid showed a positive gain.

As seen in the results of the cluster analysis, the classification of acids is more complex than that of sugars. Several studies (Umer et al., 2020; Yu et al., 2022) have noted that the regulation of the acid-regulating genes in fruits is complex. In most acid groups (II, III, IV, VII, VIII), only one component stands out. The control of different acid components is independent of inheritance (Zhang et al., 2003). Through hybridization, the genes that control a certain component exhibit a unique separation in the process of gene interaction. Individuals with high levels of multiple components have a low probability of occurrence (VI groups). At the same time, there are a large number of intermediate groups (I groups), which also suggests that there is some interaction effect among the acid control genes. The distribution of reducing sugars (glucose and fructose) in the hybrid groups with different sugar components is consistent, and the probability of the occurrence of high-sugar groups in the hybrid offspring is higher.

The fumaric acid content was within the range of the parents, but the average value of the other nine components (sucrose, glucose, fructose, oxalic acid, malic acid, citric acid, succinic acid, tartaric acid, and quinic acid) for the hybrid offspring exceeded the range of the parents, and there was a phenomenon of over-parent separation. The sucrose content was higher than the range of parents. RHm/% was positive (41.88%), and the other traits were lower than the range of the parents. RHm/% is negative (-78.27%~-12.45%), indicating the strong dominant genetic effect of the gene controlling this trait. RHm/% decreased, and according to the additive-dominant effect model (Paril et al., 2022), the mean value for the offspring was lower than the median parental value, indicating that these eight traits had low values for parent phenotypes and suggesting that the gene with reducing effects has relatively strong dominant genetic effects. The acid components showed a tendency towards the maternal direction, while the sugar components were relatively complex. Glucose and fructose showed a bias towards the male parent. The sucrose content exceeded that of the high-value parent (female parent). The selection of fine traits of a single plant in hybrid progeny has created favorable conditions, which is of great value to the breeding of hybrid jujube progeny.

The mixed major gene plus polygene inheritance model is an important model in quantitative trait research. The model was first proposed and executed in the inheritance analysis of human pedigrees (Stewart, 1969; Elston and Stewart, 1973). It was then expanded (Wang and Gai, 1998; Gai et al., 2000; Zhang et al., 2003) and widely used for the breeding of different traits in various plants (Chen et al., 2013; Xiaohong et al., 2013; Irfan et al., 2014; Lin et al., 2014; XinXin et al., 2014; Dong et al., 2019). To analyze the genetic effects of sugar and acid components in jujube fruit and improve its flavor, in this study, genetic analysis of the fruit sugar–acid composition of the cross was performed using a quantitative trait master gene + polygenic mixed genetic system (Gai et al., 2003). The analysis revealed that the heritability ( ) of the four components (oxalate, quinic acid, malate, and glucose) ranged from 95.09 to 46.72. Genes have strong genetic effects, are not strongly affected by the environment, and can be evaluated by the identification of applied resources (Bharathi and Reddy, 2019). Glucose was controlled by one pair of additive-dominant master genes, and malate was controlled by two pairs of additive-dominant master genes. Oxalic acid and quinic acid were controlled by two pairs of additive-dominant-epistatic master genes. The additive effect of each gene was positive (0.0153~2.3978). Because additive effects can be transmitted in both the upper and lower generations, the resulting genetic effects can be additive, and the quantitative traits controlled by higher additive effects are relatively easy to achieve for breeding when lower generations are selected (Bajgain et al., 2016; Imai et al., 2019). Many studies have also indicated the strong additive effect of the sugar content of fruit (Shi et al., 2005; Liang et al., 2014; Wei et al., 2021; Wen et al., 2022). The higher mean fruit sugar content in the progeny than in the parent in the analysis of mid-parent dominance also illustrated that additive effects can be inherited in low generations. Although dominant effects were not directly heritable in the upper and lower generations, they were strongly associated with the performance of heterosis, with a negative dominant effect for the fruit indicator, which was especially strong in the progeny of the cross. Other components of progeny fruit showed a bias in the low-affinity direction (Hake and Rossibarra, 2015; Zolkin et al., 2021). The phenomenon of ultralow affinity was also observed. In addition, the best model for fumaric acid, succinic acid, tartaric acid, citric acid, sucrose, and fructose was the A-0 model without master gene control, indicating that these component distributions could be attributed to the additive effects of multiple minor-effect genes. More emphasis should be placed on the utilization of additive effects in the breeding of hybrid jujube. It is feasible to apply the single segregating generation F1 segregant analysis method for the mixed genetic model to study the genetic effect in the jujube population. The detection of major genes should be combined with the results of molecular marker studies (Liu et al., 2014) and quantitative trait locus (QTL) validation analysis in jujube, which may provide a theoretical basis for molecular marker-assisted selection in this plant.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Author contributions

YZ, WZ, YF, WC, WJ, LMe, and LMi planned the research. YX and DM performed experiments. YZ and DM analyzed data. YZ and ZC tested the results. YZ and LMi wrote the paper. All authors contributed to the article and approved the submitted version.





Funding

This study was financially supported by the China Xinjiang Construction Corps Young and Middle-aged Science and Technology Innovation Leading Talents Program (2018CB032), the South Xinjiang Key Industry Science and Technology Support Plan Project (2017DB006), the Innovation and Entrepreneurship Platform and Base Construction Project (2019CB001), and China’s 13th Five-Year Plan Key Research and Development Projects (2019YFD1001605).





Conflict of interest

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





References

 Akaike, H. T. (2003). A new look at the statistical model identification. IEEE Trans. On Automatic Control 63, 112–125. doi: 10.1007/978-1-4612-1694-0_16

 Badr, S. F., El-Sherif, N. A., Ii, S., El-Deeb, M., and AI, S. (2020). Evaluation of genetic variation, antioxidant and antibacterial activities of two sidr varieties in Medina. Pak J. Pharm. Sci. 33, 61–69. doi: 10.36721/PJPS.2020.33.1.REG.061-069.1

 Bai, L., and Ru, W. (2011). Heterosis and genotype × environment interactions of juvenile aspens in two contrasting sites. Can. J. For. Res. 27, 1525–1537. doi: 10.1139/97-110

 Bajgain, P., Rouse, M. N., and Anderson, J. A. (2016). Comparing genotyping-by-Sequencing and single nucleotide polymorphism chip genotyping for quantitative trait loci mapping in wheat. Crop Sci. 11, 688. doi: 10.2135/cropsci2015.06.0389

 Bazzaz, F., Carlson, R., and Harper, J. (2011). Contribution to reproductive effort by photosynthesis of flowers and fruits. Nature 23, 1653–1662. doi: 10.1038/279554a0

 Bharathi, Y., and Reddy, K. H. (2019). Variability, heritability and transgressive segregation on yield and its components in F2 progenies of sesame (Sesamum indicum l.). Electronic J. Plant Breed. 10, 56–69. doi: 10.5958/0975-928X.2019.00040.1

 Chen, S., Ma, J., Wang, T., and Zhang, H. (2013). Genetic analysis of maize leaf spacing via mixed inheritance model of major genes plus polygenes. Acad. Journals 46, 5825–5831. doi: 10.5897/AJAR11.1782

 Chen, S. L., Yu-Rong, L. I., Cheng, Z. S., Liao, B. S., and Lei, Y. (2009). Heterosis and genetic analysis of oil content in peanut using mixed model of major gene and polygene. Scientia Agricultura Sin. 09, 3048–3057.

 Dong, J., Xu, J., Xu, X., Xu, Q., and Chen, X. (2019). Inheritance and quantitative trait locus mapping of fusarium wilt resistance in cucumber. Front. Plant Sci. 10, 1425. doi: 10.3389/fpls.2019.01425

 Du, J., Shi, Q., Liu, Y., Shi, G., Li, X., et al. (2023). Integrated microRNA and transcriptome profiling reveals the regulatory network of embryo abortion in jujube. Tree Physiol. 42, 142–153. doi: 10.1093/treephys/tpac098

 Elston, R. C., and Stewart, J. (1973). The analysis of quantitative traits for simple genetic models from parental, f1 and backcross data. Genetics 73, 695–711. doi: 10.1093/genetics/73.4.695

 Fenfen, Y., Jiurui, W., Yifeng, F., Minjuan, L., and Cuiyun, W. (2020). Research progress on establishment and application of large-scale hybrid creation technology system of jujube. J. Fruit Trees(China) 37, 929–938. doi: 10.13925/j.cnki.gsxb.20190598

 Fenfen, Y., Xingjuan, Z., Zhi, L., Jiurui, W., and Mengjun, L. (2018). SSR analysis of the genetic diversity of the hybrid progenies of the Ziziphus jujuba and Ziziphus spinosae. J. Northwest Forestry Univ. 33, 8.

 Fernando, R. L., Stricker, C., and Elston, R. C. (1994). The finite polygenic mixed model: an alternative formulation for the mixed model of inheritance. Theor. Appl. Genet. 88, 573–580. doi: 10.1007/BF01240920

 Fujikawa, T., and Sawada, H. (2016). Genome analysis of the kiwifruit canker pathogen pseudomonas syringae pv. actinidiae biovar 5. Sci. Rep. 6, 21399. doi: 10.1038/srep21399

 Gai, J. Y., Zhang, Y. M., and Wang, J. K. (2000). A joint analysis of multiple generation for QTL models extended to maxed two major genes plus. Acta Agron. Sin. 26, 385–391.

 Gai, J., Zhang, Y. M., and Wang, J. (2003). Genetic system of quantitative traits in plants (China Science Press).

 Guo, Y., Li, X., Huang, F., Pang, X., and Li, Y. (2019). Megasporogenesis, microsporogenesis, and female and male gametophyte development in Ziziphus jujuba mill. Protoplasma 256, 1519–1530. doi: 10.1007/s00709-019-01395-x

 Hake, S., and Rossibarra, J. (2015). Genetic, evolutionary and plant breeding insights from the domestication of maize. Elife 25, 4–5861. doi: 10.7554/eLife.05861

 Huang, J., Zhang, C., Zhao, X., Fei, Z., Wan, K., et al. (2016). The jujube genome provides insights into genome evolution and the domestication of Sweetness/Acidity taste in fruit trees. PloS Genet. 12, 1–20. doi: 10.1371/journal.pgen.1006433

 Imai, A., Kuniga, T., Yoshioka, T., Nonaka, K., and Hayashi, T. (2019). Single-step genomic prediction of fruit-quality traits using phenotypic records of non-genotyped relatives in citrus. PloS One 14, e221880. doi: 10.1371/journal.pone.0221880

 Irfan, M., Sun, J. X., Liu, Y., Xue, L. I., and Yang, S. (2014). Genetic analysis of chlorophyll content in maize by mixed major and polygene models. Genetika 46, 1037–1046. doi: 10.2298/GENSR1403037I

 Jin, Z., Jianbo, J., Guannan, L., Jiurui, W., and Minjuan, L. (2014). Rapid SNP discovery and a RAD-based high-density linkage map in jujube (Ziziphus mill.). PloS One 9, 10–109850. doi: 10.1371/journal.pone.0109850

 Jin, Z., and Jun, L. M. (2003). RAPD analysis on the cultivars, strains and related species of Chinese jujube (Ziziphus jujuba mill.). Scientia Agricultura Sin. 36, 5.

 Liang, H., Yu, Y., Yang, H., Xu, L., and Dong, W. (2014). Inheritance and QTL mapping of related root traits in soybean at the seedling stage. Theoretische Und Angewandte Genetik 127, 2127–2137. doi: 10.1007/s00122-014-2366-z

 Lin, T., Wang, L., Zhang, L., Wang, J., and Hou, X. (2014). Genetic analysis of chlorophyll content using mixed major gene plus polygene inheritance model in non-heading Chinese cabbage. J. Nanjing Agric. Univ. 37, 34–40.

 Liu, M. J., Jin, Z., Qing Le, C., Guo Cheng, L., and Jiu Rui, W. (2014). The complex jujube genome provides insights into fruit tree biology. Nat. Commun. 5, 5315. doi: 10.1038/ncomms6315

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

 Mingxin, G., Zhongren, Z., Shipeng, L., Qun, L., and Pengcheng, F. (2020). Genomic analyses of diverse wild and cultivated accessions provide insights into the evolutionary history of jujube. Plant Biotechnol. J. 19, 517–531. doi: 10.1111/pbi.13480

 Paril, J. F., Balding, D. J., and Level, A. F. (2022). Optimizing sampling design and sequencing strategy for the genomic analysis of quantitative traits in natural populations. Mol. Ecol. Resour. 22, 137–152. doi: 10.1111/1755-0998.13458

 Pastina, M. M., Malosetti, M., Gazaffi, R., Mollinari, M., and Garcia, A. (2011). A mixed model QTL analysis for sugarcane multiple-harvest-location trial data. Theor. Appl. Genet. 124, 835–849. doi: 10.1007/s00122-011-1748-8

 Porter,, and Theodore, M. (2014). The curious case of blending inheritance. Stud. History Philosophy Biol. Biomed. Sci. 46, 125–132. doi: 10.1016/j.shpsc.2014.02.003

 Qiang, X. U., Chen, Y., Xiaohua, Q. I., and Chen, X. (2014). Genetic analysis of fructose content with mixed model of major gene plus polygene in cucumber. Journal of Yangzhou University (Agricultural and Life Ence Edition).

 Shi, L., Jianguo, L., and Xuming, H. (2005). Comparison of fruit development, sugar accumulation dynamics and quality differences between early and late flowering fruits of ‘Feizixiao’. J. South China Agric. Univ. 4, 5–9.

 Song, J., Bi, J., Chen, Q., Wu, X., and Lyu, Y. (2019). Assessment of sugar content, fatty acids, free amino acids, and volatile profiles in jujube fruits at different ripening stages. Food Chem. 07, 102. doi: 10.1016/j.foodchem.2018.07.102

 Stewart, J. (1969). Biometrical genetics with one or two loci. II. the estimation of linkage. Heredity 24, 225–237. doi: 10.1038/hdy.1969.28

 Umer, M. J., Safdar, L. B., Gebremeskel, H., Zhao, S., and Yuan, P. (2020). Identification of key gene networks controlling organic acid and sugar metabolism during watermelon fruit development by integrating metabolic phenotypes and gene expression profiles. Horticulture Res. 7, 193. doi: 10.1038/s41438-020-00416-8

 Wang, J. K., and Gai, J. Y. (1998). Quantitative trait-mixed genetic P1, P2, F1, F2, and f (2:3) joint analysis method. J. Crops 24, 651–659.

 Wang, S., Liu, Y., Ma, L., Liu, H., and Tang, Y. (2014). Isolation and characterization of microsatellite markers and analysis of genetic diversity in Chinese jujube (Ziziphus jujuba mill.). PloS One 6, e99842. doi: 10.1371/journal.pone.0099842

 Wang, J., Podlich, D. W., Cooper, M., and DeLacy, I. H. (2001). Power of the joint segregation analysis method for testing mixed major-gene and polygene inheritance models of quantitative traits. TAG Theor. Appl. Genet. 103, 804–816. doi: 10.1007/s001220100628

 Wei, Q., Ma, Q., Zhou, G., Liu, X., and Ma, Z. (2021). Identification of genes associated with soluble sugar and organic acid accumulation in ‘Huapi’ kumquat (Fortunella crassifolia swingle) via transcriptome analysis. J. Sci. Food Agric. 10, 4321–4331. doi: 10.1002/jsfa.11072

 Wen, S., Ekkehard, N. H., Cheng, J., and Bie, Z. (2022). Contributions of sugar transporters to crop yield and fruit quality. J. Exp. Bot. 73, 2275–2289. doi: 10.1093/jxb/erac043

 Xiaohong, J. I., Zhang, L., Xixi, L. U., Liu, Y., and Wang, Y. (2013). Inheritance analysis of bolting associated traits using mixed major gene plus polygene model in brassica rapa. Agric. Biotechnol. 4, 26–30. doi: 10.19759/j.cnki.2164-4993.2013.04.008

 XinXin, Z., Yangyang, Z., Zi-fang, L., and Hai-hong, J. (2014). Major gene identification and quantitative trait locus mapping for yield-related traits in upland cotton (Gossypium hirsutum l.). J. Integr. Agric. 2, 231–245. doi: 10.1016/S2095-3119(13)60508-0

 Yan, M., Wang, Y., Watharkar, R. B., and Xia, Y. (2021). Physicochemical and antioxidant activity of fruit harvested from eight jujube (Ziziphus jujuba mill.) cultivars at different development stages. Scientific Reports 12, 2272. doi: 10.1038/s41598-022-06313-5

 Yu, J. Q., Gu, K. D., Zhang, L. L., Sun, C. H., and Zhang, Q. Y. (2022). MdbHLH3 modulates apple soluble sugar content by activating phosphofructokinase gene expression. J. Integr. Plant Biol. 64, 17. doi: 10.1111/jipb.13236

 Zhang, J. F., Cun-Kou, Q. I., Hui-Ming, P. U., Chen, S., and Chen, F.. (2006). Genetic analysis of apetalous in brassica napus l. using mixed model of major gene and polygene. Chin. J. Oil Crop Sci. 2, 171–180.

 Zhang, Y. M., Gai, J. Y., and Yang, Y. H. (2003). The EIM algorithm in the joint segregation analysis of quantitative traits. Genet. Res. 81, 157–163. doi: 10.1017/S0016672303006141

 Zhang, C., Huang, J., and Li, X. (2016). Transcriptomic analysis reveals the metabolic mechanism of l-ascorbic acid in ziziphus jujuba mill. Front. Plant Sci. 122272. doi: 10.3389/fpls.2016.00122

 Zhang, X., Li, C., Wang, X., Chen, G. P., and Zhang, J. B. (2012). Genetic analysis of cryotolerance in cotton during the overwintering period using mixed model of major gene and polygene. J. Integr. Agric. 11, 8. doi: 10.1016/S2095-3119(12)60040-9

 Zolkin, A. L., Matvienko, E. V., and Shavanov, M. V. (2021)Innovative technologies in agricultural crops breeding and seed farming (Accessed IOP Conference Series: Earth and Environmental Science) 677, 22092–22096.




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

Copyright © 2023 Zhi, Chuanjiang, Xinfang, Mengyi, Zhenlei, Fenfen, Cuiyun, Jiurui, Mengjun and Minjuan. 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.


OEBPS/Images/fpls-14-1181903-g006.jpg
[0}
(72}
O
=
(&)
>
(0p]

Glucose

Fructose

40
173
120
97
107

75
96

175
73
122
19
109
67
98
57
140
115
146

157

144

VI

vV





OEBPS/Images/im4.jpg





OEBPS/Images/fpls-14-1181903-g004.jpg
(Quinic acid

- id
Quinic aci 05 @07

81.06%
\

Tartaric ac ~ Oxalate 0.72% — Oxalate
|
0.3%Succinic acid _— _~ Malic acid ~ 2-22% SUCCIEHC a Malic acid 295%
6.31%  Citricacid g ggo, 10.15%  citric acid €3¢
1 09% ogao  1271%
QIMS2 3Xingl6
Glucose
28 37% Glucose
e 31.27%
~

Fructose
— 26.59%

| /
Sucrose SICEGSE

QJMS2

3Xingl6

Fructose
—29.56%

Quinic acid
82.32%
\

Tartaric

0.18% - Malic acid-237°
Succinic acid Citric acid ¢ 50,
4 88% 1.02%

F,

Glucose

23.66%
/

—
Sucrose

54.56%

Fructose
T 21.78%





OEBPS/Images/fpls-14-1181903-g001.jpg
JMS2¢ XING16£

UL O O O O
crcectee et
teettec e
(ecteetet

Some hybrid F1 fruits






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genetic analysis of mixed models of fruit sugar–acid fractions in a cross between jujube (Ziziphus jujuba Mill.) and wild jujube (Z. acido jujuba)

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant material and growth conditions

          



          		

            2.2 Determination of sugar content

          



          		

            2.3 Determination of acid content

          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Sugar and acid content of fruit

          



          		

            3.2 Genetic tendency of sugar and acid components in fruit

          



          		

            3.3 Mixed genetic analysis

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1181903-g002.jpg
10

60

45

5

~ —~
> S
—
h 30 =
= <

15 .

33.87+1.12Aa 33.02+1.11Aa 3.41+0.16Aa 3.51+0.29Aa

2019 2020 2019 2020





OEBPS/Images/table6.jpg
Traits

Sucrose OMG Model
Glucose IMG-AD Model 9.2063 2.1237 -2.0943 3.2922 46.7237
Fructose OMG Model

Oxalate 2MG-ADI Model 0.1134 0.0359 0.0153 -0.0396 -0.0153 0.0152 -0.0152 0.0167 0.0202 0.0005 68.1883
Malic acid 2MG-AD Model 0.4212 0.1029 0.1227 -0.1426 -0.0856 0.0183 70.8665
Citric acid OMG Model

Succinic acid OMG Model
Tartaric acid OMG Model
Quinic acid | 2MG-ADI Model 2.8534 2.3978 0.6313 -1.2116 -0.1188 0.6309 -0.1185 1.7157 1.3984 2.976 95.0916

Fumaric acid OMG Model

m, population mean square variance; d,, the first major-gene additive effect; dy, the second major-gene additive effect; h,, the first major-gene dominant effect; hy, the second major-gene
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2 MG-AD 0.0049 0.944 0.0001 0.9907 0.0509 0.8216 0.0519 0.8654 0.053 0.7938
Malic acid 1 MG-AD 0.02 0.8876 0.0004 0.9835 0.3973 0.5285 0.0914 0.6407 0.0675 0.5067
0MG 0.2418 0.6229 0.1095 0.7407 0.3376 0.5612 0.1301 0.4604 0.0819 0.2734
2 MG-AD 0 0.9992 0.0001 0.9929 0.001 0.9747 0.0311 0.9723 0.0439 0.941
1 MG-AD 0.2109 0.6461 0.3526 0.5526 0.3559 0.5508 0.1267 0.4736 0.0666 0.5464

Citric acid
2 MG-ADI 0.1154 0.7341 0.0748 0.7845 0.0491 0.8246 0.0681 0.7692 0.0492 0.8724
0 MG 2.2881 0.1304 3.9036 0.0482 4.1799 0.0409 0.9372 0.0035 0.1513 0.0031
2 MG-AD 0.0179 0.8937 0.0235 0.8783 0.009 0.9242 0.1108 0.5429 0.0727 0.4132
2 MG-ADI 0.1318 0.7166 0.031 0.8602 0.4922 0.483 0.1711 0.3322 0.0976 0.1204

Succinic acid
1 MG-AD 0.2118 0.6454 0.3366 0.5618 0.2899 0.5903 0.1787 0.3139 0.0869 0.2142
0MG 2.06 0.1512 3.6145 0.0573 4.1863 0.0408 0.7823 0.0081 0.127 0.0175
2 MG-AD 0.0234 0.8784 0.0022 0.9622 0.1624 0.687 0.0497 0.8785 0.0811 0.936
2 MG-ADI 0.0841 0.7718 0.0533 0.8175 0.0401 0.8413 0.0511 0.87 0.0868 0.8983

Tartaric acid
1 MG-AD 0.102 0.7495 0.2917 0.5892 0.853 0.3557 0.103 0.5808 0.1249 0.5206
0MG 0.8067 0.3691 1.3748 0.241 1.468 0.2257 0.4732 0.0477 0.2318 0.0226
2 MG-ADI 0.0007 0.9782 0 0.998 0.0092 0.9235 0.0164 0.9992 0.0351 0.9922
2 MG-A 0 0.995 0.0001 0.9929 0.0036 0.9522 0.0321 0.9688 0.0423 0.9501

Quinic acid
1 MG-A 0.0004 0.984 0.0061 0.938 0.0545 0.8155 0.057 0.8342 0.0432 0.9417
1 MG-AD 0.0115 09144 0.0074 0.9315 0.0052 0.9424 0.0308 0.9736 0.0431 0.943
2 MG-AD 0.0113 09154 0.0061 0.9379 0.0099 0.9209 0.0326 0.9668 0.0461 0.9726
2 MG-ADI 0.0675 0.795 0.0568 0.8116 0.0028 0.9577 0.0603 0.8143 0.0598 0.8288

Fumaric acid
1 MG-AD 0.2806 0.5963 03175 0.5731 0.0409 0.8397 0.2291 0.2216 0.1062 0.1778
0MG 1.6481 0.1992 24122 0.1204 1.5388 0.2148 0.7319 0.0107 0.1572 0.0103





