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Abstract

:

Sugar, an osmoregulatory substance used by plants to adapt to abiotic stresses such as drought and salinity, is one of the most important indexes of fruit quality. In this study, 0–150 mM saline–alkali solutions (NaCl:NaHCO3 = 3:1) were used to irrigate the roots of 10-year-old “Junzao” fruit trees during the growth period to explore the regulation mechanism of different concentrations of saline–alkali stress on sugar and reactive oxygen metabolism in jujube fruit at maturity. The results showed that under low stress (0~90 mM), the contents of sucrose, glucose, and fructose in the jujube fruit and the activities of sucrose phosphate synthase (SPS), sucrose synthase decomposition direction (SS-I), and sucrose synthase synthesis direction (SS-II) increased with increases in stress concentration, results that were consistent with the relative expression trends of the SPS and SS genes; however, the results were reversed under high concentrations (120 and 150 mM). The soluble acid invertase (S-AI) activity decreased with increases in stress concentration under low stress, and the results were reversed with high stress, which was consistent with the relative expression trends of the ZjcINV3, ZjnINV1, and ZjnINV3. Research regarding the response of antioxidant enzymes in fruits under saline–alkali stress showed that only the differences in peroxidase (POD) activity under saline–alkali stress were consistent with sugar accumulation; the proline (PRO), catalase (CAT) decreased and the malondialdehyde (MDA) superoxide dismutase (SOD) increased with increases in saline–alkali stress. These results indicate that the sugar metabolism and antioxidase jointly promote and regulate sugar accumulation in jujube fruits in a low saline–alkali environment.
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1. Introduction


Xinjiang is a national high-quality fruit production area and the most advantageous production area of the country for jujube cultivation. In 2020, the cultivation area comprised about one-third of cultivation areas nationwide, and the annual yield comprised more than 50% of national production [1]; however, jujube is mostly grown in non-cultivated areas in which soil salinization is a serious problem that affects the growth of jujube trees and jujube quality.



Sugar is an important factor of fruit quality that is often affected by external environments such as light, water, salinity, and temperature [2]. Some natural phenomena in production and previous studies have shown that [3,4,5,6] mild salt stress can improve sugar accumulation in fruits and severe salt stress can decrease the sugar content. In a previous study, after sprayings with different concentrations of an NaCl solution, the fructose, glucose, and sucrose in grapefruit increased under low salinity (20~60 mM) and decreased under high salinity (100~150 mM) [6,7]. Differences in the sugar contents of fruits caused by different concentrations of salt stress have also been reported for tomatoes [4,8,9], Lycium chinensis [5], and figs [10]. These differences are often related to the activities of sucrose-metabolizing enzymes and gene expression levels [11]. Tomatoes [9] were treated with 25~75 mM NaCl, and the salt-stress-induced AI and SS-I enzyme activities promoted the accumulation of hexose. The up-regulation of SS, AI, and neutral invertase (NI) genes under 75 mM NaCl stress was shown to lead to increases in the contents of glucose, fructose, and sucrose in figs [10]. NaCl stress was shown to inhibit NI and AI and promoted SS, which reduced the hexose and soluble sugar contents in wolfberry fruit; low salt (0.3% and 0.6%) stress was shown to promote SPS activity and increase sucrose accumulation in fruit, and high salt (0.9%) stress led to the opposite result. Salt stress has a concentration-dependent effect on sugar metabolism [12,13] and leads to changes in oxidative stress in plants [14,15,16]. Research has shown that decreases in the total soluble sugar of kiwi fruit leaves [17] under NaCl stress are related to significantly increased proline levels. Begonia [18,19] was shown to adapt to saline–alkali stress by increasing the activities of SOD and POD and accumulating sugar to participate in osmotic regulation. The regulation and adaptation of sugar to stress in plants is an integrated response that involves gene expression regulation, post-transcriptional regulation, and the metabolite feedback of sugar metabolism at multiple biological levels [20,21].



At present, there have been few reports on the effect of saline–alkali stress on the sugar metabolism in jujube fruit. One report showed that the soluble sugar content in jujube fruit first increased and then decreased with increases in saline–alkali stress (0~0.6%), specifically demonstrating that 0.4% saline–alkali stress could significantly increase the soluble sugar in jujube fruit by 13% [22]; however, there is still no extensive research on the response of jujube fruit sugar accumulation in enzymatic and physiological of regulation under saline–alkali stress that uses a combination of physiology, molecular and oxidase [23]. Taking into account all these facts, the objectives of this study were to understand how jujube adjusts osmolytes and antioxidase activity to increase carbohydrate metabolic under the conditions of saline–alkali stress and to identify which genes are involved in the regulation of sugar metabolism in jujube.




2. Materials and Methods


2.1. Experimental Materials


The experiment was conducted in a jujube orchard of Alar City 10 Regiment, Aksu Prefecture, Xinjiang Region (40°59′ N 81°28′ E), located on the southern edge of the Taklamakan desert; it has a continental arid desert climate with an annual average temperature of 10.4 °C, an annual average precipitation of 40.1~82.5 mm, and an annual average evaporation of 1876.6~2558.9 mm. The materials used in the experiment were 10-year-old “Junzao” jujube trees, with wild jujube as rootstock. The row spacing was 4 m, and the plant spacing was 2 m (1250 trees/hm2). A rain shelter was arranged above the test site to prevent the impact of rainwater on treatment (Figure 1A). Connections between treatments were intercepted by digging a 100 cm deep ditch (Figure 1B) filled with a double-layer plastic film to prevent leakage and isolate plots (Figure 1C) so that the treatments of each plot did not affect each other. Four drip lines (two emitters with 0.3 m intervals; 3.2 L/h for each emitter) located 0.4 and 0.8 m away from the tree row provided the salt–alkali solution on both sides of the trees (Figure 1D). The soil was sandy loam, and the jujube trees were distributed in a 0–60 cm soil layer.




2.2. Experimental Design


The experiment had a single-factor randomized block design. According to measurements of the saline–alkali soil in the Alar jujube orchard, the ratio of NaCl to NaHCO3 was 3:1. The concentrations of saline–alkali used in the study were 0 (CK), 30, 60, 90, 120, and 150 μM. Each sample group comprised three plots of four plants, with a total of 72 jujube trees; each group was irrigated with the saline solution every 14 days after the young fruiting stage for 3 irrigations in total.




2.3. Sample Collection


2.3.1. Plant Sample Collection


Samples were collected at fruit maturation (120 days after flowering), and 30 fruits were selected from a different part of each tree. The fruit samples were immediately put into an incubator and brought back to the laboratory before the fruit pulp was extracted and chopped. The pulp was quickly divided into three parts; one part was dried in a vacuum-freeze lyophilizer (GOLD-SIM, FD5-3) for 72 h, pulverized, extracted as powder, and stored at −20 °C in a cryogenic refrigerator for sugar content determination, while the other two parts were quickly frozen with liquid nitrogen and stored at −80 °C in a cryogenic refrigerator for enzymatic activity and enzyme gene determination.




2.3.2. Soil Sample Collection


Soil samples for each treatment were collected from three points under the trees: 0–20, 20–40, and 40–60 cm soil layers. Next, they were subjected to natural air drying, pushed through a 2 mm soil sieve, and stored in sealed bags.





2.4. Experimental Method


2.4.1. Measurement of the Soil Salt Contents


For the preparation of leachate, we first weighed 10 g of drying soil sample and placed it into a bottle, stirred in 50 mL of deionized water, and shook the mixture for 5 min. We then filtered the mixture with filter paper to obtain a clear 5:1 water–soil immersion filter solution.



For the measurement of soil salt contents, we poured 20 mL of the immersion solution into a dry evaporation dish and then placed it into a steam oven until the temperature rose from 105 to 110 °C and the solution reached a constant weight.




2.4.2. Extraction and Determination of Sugars


Sugars were extracted and measured according to the protocol of Pu [24]. We weighed 1 g of freeze-dried jujube powder and performed ultrasonic extraction with distilled water. After centrifugation, the supernatant was passed through a 0.45 μm microporous membrane. Sugars were detected with high-performance liquid chromatography (HPLC) using an Agilent 1206 HPLC system (Agilent Technologies, Waldbronn, Germany) with an evaporative light-scattering detector cell maintained at 60 °C. The column was a Waters XBridgeTM BEH Amide column (4.6 × 250 mm, 5 μm), the column temperature was 30 °C, the atomization tube temperature was 60 °C, and the drift tube temperature was 60 °C. The gas flow was 1.6 L/min, the gain value was 1.0, the mobile phase was acetonitrile/water (volume ratio of 76:24) to which 0.2% triethylamine was added, the injection volume was 10 μL, the running time was 18 min, and each sample was measured 3 times. We performed linear regression analysis on peak area (Y) with mass concentration (X); developed standard curves of sucrose (100 mg/mL), fructose (100 mg/mL), and glucose (100 mg/mL); and established a regression equation (Table 1). Then, we calculated the contents of the sugar components according to the peak area of the sample and the standard curve.




2.4.3. Enzyme Extraction and Activity Assays


Jujube and liquid nitrogen were placed in a mortar and ground into powder; then, 0.1 g of the powder was weighed and placed in a 2 mL centrifuge tube. The enzyme activity was determined with a sucrose phosphate synthase kit (SPS), a soluble acid convertase kit (S-AI), a neutral translate kit (NI), a sucrose synthetase kit (SS-I), a sucrose synthetase kit (SS-II), a proline kit (PRO), a malondialdehyde kit (MDA), a superoxide dismutase kit (SOD), a catalase kit (CAT), and a peroxidase kit (POD) produced by Suzhou Keming Biotechnology Co., Ltd., Suzhou, China. We used a microassay determination method.




2.4.4. RNA Extraction


We used the TransGen Biotech TransZol Plant kit to extract RNA. The mortar, medicine spoon, centrifuge tube, and gun head used for RNA extraction were treated with DEPC water and operated in a low-temperature, enzyme-free environment.




2.4.5. cDNA


cDNA synthesis was performed using the TransGen Biotech EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix kits.




2.4.6. RT-qPCR


Fluorescence quantification was performed using the TransGen Biotech TransStart® Green qPCR SuperMix kit. The PCR reaction was conducted with the synthesized cDNA as the template. The reaction system comprised 10.5 L of the cDNA template, 0.2 L of the left and right primers, two sets of 5 μL of PerfectStartTM Green qPCR SuperMix, 0.2 L of Passive Reference Dye, and 3.9 L of ddH2O. The fluorescence quantification PCR (Applied BiosystemsT M QuantStudio TM 5, Thermo Fisher Scientific, Waltham, MA, USA) response procedure was set to 42 cycles of 94 °C degeneration for 30 s, 94 °C denaturation for 5 s, 55 °C annealing for 15 s, 72 °C extension for 10 s; finally, the system was heated at 1.6 °C/s to 95 °C s and then maintained for 15 s, allowed to cool down for 60 s at 1.6 °C/s and then held at 0.075 °C/s. The amplification of the selected and reference genes was conducted using three biological replicates each. The gene expression of the control group was used as the reference gene for analysis. The relative abundance of transcripts was calculated by using the 2−ΔΔCt method. Enzyme gene from 11 gene by Zhang Chunmei [25], and primer sequence information is shown in Table 2.





2.5. Statistical Analysis


DPS7.05 statistical analysis was performed. Values are presented as the mean (n = 3) ± standard error (SE). Duncan’s multiple range tests were conducted to determine whether there were significant differences between individual treatments at p < 0.05.





3. Results


3.1. Differences in Soil Salt Content under Different Saline–Alkali Treatments


As shown in Figure 2, the salt content in different soil layers gradually increased with increases in the saline–alkali stress. With increases in the saline–alkali stress, the salinity in the 0–20, 20–40, and 40–60 cm soil layers under saline–alkali treatment increased by 35.31~54.70%, 31.36~50.11%, and 19.66~39.62%, respectively, compared to the control. The fitting curve of salt content in the 0–60 soil layer under saline–alkali treatment was y = 0.0275X + 5.5005, R2 = 0.9860, and it increased by 2.02, 2.37, 3.31, 4.13, and 4.98 g/kg compared to the control total salt of 4.65 g/kg. The fitted growth curve was y = 0.0256X + 1.0611, R2 = 0.9842, and the total salt content of the treatment gradually increased.




3.2. Effects of Different Saline–Alkali Stress Treatments on the Contents of Sugar Components in Jujube Fruit


The differences in the sugar components and total sugar content of the jujube fruit under saline–alkali treatment are shown in Table 3. Under low stress (0~90 mM), the fructose and glucose contents in the fruit increased with increases in the saline–alkali stress, and under high stress (120~150 mM), it decreased with increases in stress concentration; when the stress was 90 mM, the fructose and glucose contents were the highest (99.03 and 86.34 mg/g, respectively), and significantly higher than those of the CK treatment by 23.4% and 24.8%, respectively, and significantly higher than those of 120 mM by 11.0% and 15.1%, respectively. The sucrose content increased with increases in stress concentration under 0~60 mM and was the highest under 60 mM (206.11 mg/g), which was significantly higher than the values of the control and 30 mM by 22.6 and 10.1%, respectively. Under 90~150 mM of stress, the sucrose content decreased with increases in stress concentration, but there were no significant differences among treatments. The content of soluble sugar was considered to be the sum of the three sugar components, and its content changed with the stress of saline–alkali in a trend consistent with those of fructose and glucose. At 90 mM, the soluble sugar content was the highest (387.52 mg/g), which was significantly higher than that of the CK treatment by 22.1%. At 30 mM of stress, the total soluble sugar content was higher than that at 60, 120, and 150 mM by 7.8%, but the difference was not significant. The sugar content changes in jujube fruit first increased and then decreased with increases in saline–alkali stress.




3.3. Comparison of Key Enzyme Activities of Sucrose Metabolism under Different Saline–Alkali Stress Treatments


The differences in the activities of five sucrose-metabolizing enzymes in jujube fruits under saline–alkali treatment are shown in Figure 3. Under low stress (0~90 mM), the activities of SPS, SS-I, and SS-II significantly increased with increases in stress. The activities of SPS and SS-I showed significant decreasing trends and SS-II showed a downward trend under 120 to 150 mM of saline–alkali stress, but the differences were not significant. The activity of SS-I was higher than that of SS-II. The NI activity increased with the increased stress, and there were no significant differences between treatments except for the CK treatment. The activity S-AI first decreased and then increased with increasing stress. When the stress was 90 mM, the activity of S-AI was the lowest (10.21 μg/min/g).




3.4. Effects of Different Saline–Alkali Stress Treatments on Gene Expression of Key Enzymes of Sucrose Metabolism in Jujube Fruit


11 genes and a reference gene (UBQ2) selected by Zhang [25] were used for study sugar accumulation in the jujube fruits under the saline–alkali treatment. As shown in Figure 4, the relative expression levels of 10 genes were all lower than those of the CK treatment, and only the expression level of the ZjSPS4 gene was higher than that of the CK treatment, which first increased and then decreased with increases in stress. The expression levels of the sucrose synthase genes ZjSS1, ZjSS2, and ZjSS3 and the invertase genes first increased and then decreased with increases in concentration (except for in the CK treatment), and when the stress was 90 mM, the expression levels were significantly higher than in other treatments. The expression of the ZjvINV2, ZjcINV3, ZjnINV1, and ZjnINV3 genes first decreased and then increased, and when the stress was 60 mM, the expression levels were significantly higher than in other saline treatments.




3.5. Effects of Different Saline–Alkali Treatments on Proline, Malondialdehyde, and Antioxidant Enzymes in Jujube Fruit


The effect of saline–alkali treatment on the antioxidant enzyme activity of jujube fruits is shown in Figure 5. The PRO content decreased with increases in saline–alkali stress and was significantly lower than that of the CK treatment (3.84 mg/g). The content at 30 mM (2.56 mg/g) was 38.7% higher than that of the CK treatment, but there were no significant differences among treatments. The SOD and MDA trends were similar, and there were no significant differences between the 30 mM (480.01 U/g) and CK treatments; the SOD content under 60~150 mM of stress was significantly higher than that under the 30 mM and CK treatments. The CAT content had the same trend as the PRO content, and its activity (223.57 umol/min/g) under the 30 mM treatment was 35.3% higher than that under the 150 mM treatment. The POD content first increased and then decreased with increases in salt stress. The POD content under the 60 mM treatment (46.59 U/g) was significantly higher than that under the CK and 150 mM treatments by 30.2% and 133.2%, respectively.





4. Discussion


As an osmotic regulator, sugar plays an important role in maintaining osmotic balance in response to saline–alkali stress. Sugar is an important indicator of fruit quality and an important osmotic regulator used by plants to resist stress, and their accumulation in plants experiencing salinity stress is an adaptive mechanism [26,27]. Sucrose, glucose, and fructose are the main soluble sugar components in fruit; they act as signaling molecules in plant metabolic processes and defense responses, and respond differently to stress. According to previous studies [28,29], in order to resist stress, plants can accumulate sugar to increase intracellular solute concentration, maintain osmotic balance and consequently normal cell turgor, prevent the excessive dehydration of protoplasts, and reduce the harm caused by stress, this is consistent with the response of this study under low salt stress (0~90 mM); however, excessive stress will lead to an imbalance of permeability and the inhibition of sugar accumulation [6,7,21], this is consistent with the inhibition of sugar accumulation under high salinity stress (120~150 mM) in this study.



Effects of SPS and SS on sugar synthesis and decomposition by expression of related genes under saline–alkali stress. The regulation of metabolic enzyme gene expression and metabolic enzyme activity determines the amount of sugar accumulation in fruit [30,31,32]. Under saline–alkali stress, the changes in sucrose content were mainly affected by SPS and SS-I activities, and the changes in fructose and glucose were mainly affected by SS-II activities, which shows that sugar accumulation during fruit ripening is closely related to SPS and SS under saline-alkali stress. A similar change was also observed in tomatoes [4,8], wolfberries [5], and figs [10]; meanwhile, the relative expression levels of genes also changed. The relative expression level of ZjSS1, ZjSS2, and ZjSS3 was consistent with the change of SS-I enzyme activity under saline–alkali stress, but ZjSPS1, ZjSPS2 and ZjSPS4 did not show significant trends consistent with the SPS enzyme; it may be that the regulation of SPS activity by SPS genes may be controlled by both positive and negative regulation of multiple genes in saline-alkali stress [30,33,34,35].



Invertases and related genes’ response to saline-alkali stress regulates sugar content in jujube fruit. As invertases, S-AI and NI also regulate sugar accumulation in response to abiotic stress [36]. In this study, the activity of NI were no significant differences under different treatments, and all significantly higher than control, indicating that NI was significantly affected by saline–alkali stress, but there was no significant concentration-effect [12,37,38]. The changes of S-AI activity with the stress concentration, contrary to the accumulation of fructose and glucose. These results show that saline–alkali stress regulates the conversion level of sucrose to fructose and glucose by S-AI, as well as controlling intracellular sugar accumulation and osmotic concentration to maintain osmotic balance [5,39]. In addition, the responses of ZjcINV3, ZjnINV1, and ZjnINV2 to stress were consistent with the trends of S-AI activity, which suggests that they could be crucial in regulating S-AI activity in response to saline–alkali stress; this is consistent with the result that the change of Hf VIN1 gene expression and VIN enzyme activity with a decrease in temperature stress [40], which indicates that plants need more invertases to decompose sucrose into hexose under low temperature, salinity and other stresses, to provide more energy for cells to maintain increased respiratory consumption and enhance resistance to stress [36,37,39]. Hydrolyze sucrose by IN in vacuole for tissue utilization, and down-regulation of gene expression can respond to the needs of sucrose decomposition under stress [39,40].



Response of antioxidant enzymes to salinity stress and regulation of sugar content in jujube fruits. Sugar metabolism is often accompanied by biological oxidation in plants with stress, and the protective mechanism of active oxygen in cells plays an important role in responding to stress [14]. Salinity stress can cause an imbalance of reactive oxygen species; (ROS), PRO, MDA, SOD, POD, and CAT are important indexes of the plant stress response, and they act as potent salinity mitigators [15,41]. In the present study, PRO and CAT presented similar activity decreases with increases in stress concentration. It has been reported that proline is an osmoprotectant and scavenger of free radicals in plant cells, accumulating in cells to protect osmotic balance [42,43]. In this connection, PRO decreased indicating that osmotic balance gradually weakened in saline–alkali stress. It is possible that with the increase of saline–alkali stress concentration, the membrane permeability is destroyed, the proline anabolism in the jujube fruit is unbalanced, and the resistance to salinity gradually weakens [44,45]. The inhibition of CAT activity during saline stress is related to the destruction of cell metabolism and structure [46]. In this study, CAT activity was found to be restrained by the different saline–alkali stress concentrations in jujube fruit, which may be caused irreversible damage to the structure and function of CAT proteins [47].



The MDA level directly reflects the degree of cell membrane damage and the level of lipid peroxidation [47,48]; this elevation of MDA occurrence might be due to the impairment of the cell membrane, reduction of lipid peroxidation level insufficient activity of enzymatic antioxidant [49]. In the current experiment, the MDA content increased gradually in a concentration-dependent manner in the “Junzao” jujube fruit under saline–alkali stress, which indicates that membranes were increasingly severely damaged with increasing saline–alkali stress. A similar increase in MDA was also observed in Arabidopsis [50], tomato [51,52], wheat [53], maize [54], tobacco [55] with salt stress.



SOD content could reflect the antioxidant capacity of plants, and increases in activity are usually related to plant tolerance [41,47]. In order to resist saline–alkali stress, the jujube fruit can prevent cell damage by enhancing SOD activity, scavenging free radicals, and maintaining the metabolic balance of reactive oxygen [56,57]. The MDA and SOD presented similar activity increases with increasing saline–alkali stress, which indicates that the level of SOD under salt-alkali stress is closely related to the damage degree reflected by MDA to stress [47,56,58].



As a defensive enzyme, POD is mainly involved in ROS scavenging, and its activity is related to plant tolerance [41]. In this study, the change in POD activity was consistent with the response of sucrose in jujube fruits. Under low saline–alkali stress, the ability of POD to scavenge excessive ROS in cells may be closely related to sugar accumulation; however, the protective effect of the antioxidant enzyme system was limited [38,57]. Saline–alkali stress can lead to decreased enzyme activity when it reaches the minimum tolerance limit of plants (60 mM), at which point their defense mechanism is destroyed and POD enzyme activity decreases [38,41].



The concentration effect of stress on sugar accumulation is reflected in the enzyme activity and antioxidase. The responses of MDA, SOD, and NI to different saline–alkali stresses were consistent in this study, indicating that the hydrolysis of sucrose by NI to fructose and glucose was closely related to the degree of lipid peroxidation damage and the stress resistance of cell membrane [37,38]; this could be because that the responses of these antioxidase and soluble sugars to saline–alkali stress play roles in maintaining cellular redox homeostasis, promoting sugar accumulation, and maintaining osmotic material balance [44,56].



Stress has a concentration effect on sugar accumulation in jujube fruit. Previous studies have demonstrated that salt stress affects carbohydrate contents in the fruit, depending on the magnitude of stress [10,17]. Moderate salt stress can improve the soluble solids, or soluble sugar content in fruit [4,5,6,7,8,9], but the sugar content of grapes (100~150mM) [6,7], figs (100 mM) [10], tomatoes (0.3%) [8], and Lycium chinensis (0.9%) [5] were inhibited at the high saline stress. Similar results were obtained in this study, and under 90 mM saline–alkali stress treatment, the content of fructose, glucose, soluble total sugar, and the activity of SPS, SS-II, and POD in jujube fruit reaches the highest; meanwhile, there is still no extensive research on that activity of enzymes and expression of genes in response to saline–alkali stress and affect sugar accumulation in fruit [9,10,13], especially in jujube fruit. The change of S-AI and ZjcINV3, ZjnINV1, ZjnINV2 showed an opposite trend compared with the increase in sugar in this study. It has been evidenced that the transcript levels and regulation of invertases play an important role in regulating sugar accumulation in response to stress [10,11,13,37,38,39,40], which suggests a different transcriptional level of invertase-encoding genes resulting in sugar accumulation in the fruit.




5. Conclusions


In summary, this research explored the effects of enzyme activities, gene expression, and oxidase markers on sugar accumulation in jujube fruit under saline–alkali stress. In “Junzao” fruit, low saline–alkali stress promoted the increase in soluble sugar content, and high saline–alkali stress inhibited the accumulation of sugar. Increases in SPS and SS-II activities and the inhibition of AI activities are the main reasons for the accumulation of sucrose, glucose, and fructose, while down-regulation of ZjcINV3, ZjnINV1, and ZjnINV3 may be the key genes on sugar accumulation in fruit. The activity of POD reflects the ability of “Junzao” fruit to resist saline–alkali stress by promoting sugar accumulation and maintaining osmotic balance. Studying the relationship between environmental factors and sugar accumulation of jujube could provide a theoretical basis for the ecological regulation of fruit sugars’ metabolism, as well as provide relevant references for explaining the influence of salinized soil on jujube fruit quality in Xinjiang.
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	SPS
	sucrose phosphate synthase



	SS-I
	Sucrose synthase decomposition direction



	SS-II
	Sucrose synthase synthesis direction



	NI
	Neutral invertase



	S-AI
	Soluble acid invertase



	PRO
	Proline



	MDA
	Malondialdehyde



	SOD
	Superoxide dismutase



	CAT
	Catalase



	POD
	Peroxidase



	ROS
	Reactive oxygen species
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Figure 1. (A) Rain shelter to prevent the impact of rainwater; (B) connections between treatments were intercepted by digging a 100 cm deep ditch; (C) the ditch was insulated with double-layer plastic; (D) the drip lines used to provide the salt–alkali solution. 
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Figure 2. Total salinity in 0–20, 20–40, and 40–60 cm soil layers under different saline–alkali treatments. Note: Small letters indicate significant differences at a 5% level (p ≤ 0.05). 






Figure 2. Total salinity in 0–20, 20–40, and 40–60 cm soil layers under different saline–alkali treatments. Note: Small letters indicate significant differences at a 5% level (p ≤ 0.05).



[image: Horticulturae 08 00474 g002]







[image: Horticulturae 08 00474 g003 550] 





Figure 3. Differences of the sucrose metabolic enzyme activities in jujube fruits under different saline–alkali stress conditions. (A) SPS activity; (B) SS-I activity; (C) SS-II activity; (D) NI activity; (E) S-AI activity. Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at a 5% level (p ≤ 0.05). 
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Figure 4. Differences in key enzyme genes of sucrose metabolism in jujube fruits under saline–alkali stress. Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at a 5% level (p ≤ 0.05). 






Figure 4. Differences in key enzyme genes of sucrose metabolism in jujube fruits under saline–alkali stress. Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at a 5% level (p ≤ 0.05).



[image: Horticulturae 08 00474 g004]







[image: Horticulturae 08 00474 g005 550] 





Figure 5. Effects of different saline–alkali treatments on the contents of PRO (A), MDA (B), SOD (C), CAT (D), and POD (E) in jujube fruit. Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at a 5% level (p ≤ 0.05). 
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Table 1. Linear equation and correlation coefficients of constituent sugars in mixed standard solution determined with HPLC–ELSD.
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	Sugar Constituent
	Regression Equation
	Correlation Coefficient





	Fructose
	y = 749.23 X1.6239
	R2 = 0.9993



	Glucose
	y = 1046.9 X1.5509
	R2 = 0.9991



	Sucrose
	y = 1055.0 X1.6852
	R2 = 0.9989
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Table 2. The primer sequence of qRT-PCR.
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	Gene Symbol
	Primer Sequence (5′–3′)
	Primer Sequence (3′–5′)





	ZjSPS1
	AGTCCCACTCGCTACTTCGT
	TCCAAATCCTCCAGCACATA



	ZjSPS2
	TCCCAAGCCCTCAGGTATTT
	GTAGTTTCTGTTTGCGTGTAG



	ZjSPS4
	GCTATGACAGCAACGGAGAT
	AACAGCACAAAGCCTACACG



	ZjSS1
	AAGTCATAAGATCCGCACAG
	AACACGAACATATTCCCAAA



	ZjSS2
	ACTGTCTATTTCCCTTTCACG
	TCATTGTTATCCTCCCTGCT



	ZjSS3
	ATTGGGTGTAACGCAGTGTA
	TGTGGTTCATGGCTATAAGAT



	ZjnINV1
	TTTCTCGATGTTGACCCTGTT
	TTATGCAAGCCTTCCCTTCT



	ZjnINV3
	AACAGAGGAATACTCCCACA
	CATGAAATCGAATACCCAAT



	ZjcINV3
	TTTCTCGATGTTGACCCTGTT
	TTATGCAAGCCTTCCCTTCT



	ZjvINV1
	ATTCCAAAGGGTCCCAAAGC
	TGGTTAAGCCAGGGTCAGTG



	ZjvINV2
	ACCCGATAACCCGAAGGAAG
	GTCTGTACGGACGCCCAACC



	UBQ2
	CACCCGTTACTTGCTTTC
	CTCTTCCCATTGTCCTCC
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Table 3. Differences in sugar component contents in jujube fruit under different saline stress conditions.
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	Saline–Alkali

Stress
	Fructose

(mg/g)
	Glucose

(mg/g)
	Sucrose

(mg/g)
	Sum of Soluble Sugars

(mg/g)





	0 mM
	80.25 ± 3.10 c
	69.17 ± 2.63 c
	168.05 ± 5.38 c
	317.47 ± 11.03 c



	30 mM
	92.95 ± 2.61 a,b
	79.43 ± 1.34 a,b
	187.25 ± 4.42 b
	359.62 ± 7.52 b



	60 mM
	95.16 ± 0.46 a,b
	80.94 ± 0.64 a,b
	206.11 ± 1.74 a
	382.20 ± 2.77 a,b



	90 mM
	99.03 ± 2.49 a
	86.34 ± 2.29 a
	202.15 ± 2.24 a
	387.52 ± 6.94 a



	120 mM
	89.23 ± 2.16 b
	75.01 ± 1.66 b,c
	200.15 ± 2.08 a
	364.38 ± 3.13 a,b



	150 mM
	86.82 ± 3.97 b,c
	77.98 ± 4.40 b
	199.91 ± 2.30 a
	364.71 ± 9.64 a,b







Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at a 5% level (p ≤ 0.05). Different lowercase letters in the same column indicate significant differences in measurement factors.
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