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Abstract: There have been numerous studies on the effects of salt stress on jujube fruit; however, only
a few studies have reported the changes in fruit quality, particularly sugar content, under conditions
of combined salt and alkali stress. Therefore, the present study aimed to investigate the performance
of jujube fruits under Saline-Alkali stress and the changes in sugar content in fruits. To achieve this,
jujube fruits were treated with varying concentrations of salt and alkali during five developmental
periods. The content of relevant sugar components was determined, and metabolomics data were
analyzed in combination with relevant quantitative gene data. The results indicated that 100 days
after flowering, the surface color of jujube fruit gradually turned red, and the cell structure of the fruit
gradually loosened with increasing salt and alkali concentration. The content of sugar components at
each stage showed that glucose and fructose primarily accumulate in the early stage of development,
while sucrose is the main component in the later stage of development. Metabolomic correlation
network maps showed that six differentially accumulated metabolites were closely related to specific
genes. Among these metabolites, sucrose was identified as the core metabolite in the metabolic
pathway. Quantitative analysis of the related genes revealed that ZjvINV2 and ZjHK2 exhibited
prolonged adaptability to stress. Additionally, the expression levels of ZjSS1 and ZjSPS2 under
Saline-Alkali stress were consistent with the trend of sucrose content during the same period. In
conclusion, the variations in sugar content in jujube fruits during different growth stages and under
Saline-Alkali treatment conditions were recorded as reference data, and the primary metabolic
substances and related regulatory genes produced in jujube fruits under Saline-Alkali stress were
preliminarily identified.
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1. Introduction

Jujube (Ziziphus jujuba Mill.), a deciduous shrub belonging to the Rhamnus family, is
native to China and distributed in both the northern and southern regions of the country.
The cultivation of jujube trees is rapidly expanding in northwest China, particularly in
Xinjiang, where soil salinization is a significant issue. Therefore, Saline-Alkali stress has
become the primary limiting factor that affects the growth of fruit trees in the region [1].

When plants are exposed to salt and alkali stress, their ability to absorb, accumulate,
and distribute water and nutrients is affected. This leads to morphological changes in the
plants, which are both an adaptation to adversity and a self-protection mechanism [2]. The
most direct harm caused by salt and alkali in soil is to the roots of plants. Salt and alkali
stress reduce the total length of jujube roots, mainly by inhibiting the elongation of fine
roots [3]. Leaves are the organs responsible for plant photosynthesis. After undergoing
Saline-Alkali stress treatment, the majority of seedlings experience a significant decrease in
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the number of leaves, plant height, and relative water content in both their above-ground
and underground parts. When jujube trees are subjected to salt stress, their leaves become
thicker and fleshier, the number of layers in the palisade tissue increases, and the stomata
collapse [4]. Moreover, soil salinity is a crucial factor that impacts the composition of the
rhizosphere microbial community and the symbiotic relationship among microorganisms.
The increase in soil salinity can lead to a reduction in microbial diversity and abundance,
resulting in a more uniform community composition [5]. Currently, research on Saline-
Alkali stress primarily focuses on plant growth and rhizosphere microorganisms. However,
reports on the effects of Saline-Alkali stress on fruit quality, particularly sugar metabolism,
are limited.

Most previous studies have shown that carbohydrates are essential substances for
the growth and development of fruit trees [1,3]. They participate in the growth and de-
velopment of fruit trees as an energy source, act as a signaling substance in the signal
transduction pathway, and can resist external abiotic stress [6,7]. For instance, carbohy-
drates contribute to cassava’s ability to resist drought and salt stress [8]. Moreover, sugar
metabolism and signal transduction enhance the sugar beet’s tolerance to low tempera-
tures [9]. Sorghum seedlings alleviate drought stress by regulating the antioxidant system
and sugar content [10]. Simultaneously, stress can also increase the concentration of sugar
substances in fruit trees to a certain extent [11,12].

Moderate Saline-Alkali stress can improve the quality of fruit, which is a self-regulatory
mechanism for plants to respond to stress [13]. The activation of the response mechanism
in fruit trees to Saline-Alkali stress is primarily related to the expression and regulation of
stress-responsive genes. The expression of stress-induced genes is key to resisting abiotic
stress [14,15]. Genes encoding enzymes involved in sucrose metabolism can regulate the
activity of related enzymes in response to stress, thereby controlling sugar accumulation in
fruits. NaCl stress enhances the expression of the sucrose synthase and acid invertase genes,
thereby regulating the accumulation of fructose and glucose [16]. Moreover, high levels of
salt, high temperatures, and drought stress have been shown to significantly increase the
expression of the sucrose synthase gene in grapes [17], maize [18], and other plants. This, in
turn, promotes the accumulation of sucrose. Transcriptomic analysis, expression profiling,
and functional enrichment analysis of salt-responsive differential genes in triticale have
revealed that certain differentially expressed genes are significantly enriched in sucrose
metabolic pathways associated with salt tolerance [19].

The high sugar content in jujube fruit is attributed to the interaction between the
sugar synthesis and sugar transport genes. The sucrose content in jujube fruit has been
demonstrated to show a positive correlation with the expression levels of ZjSPS1 (sucrose
phosphor synthase), ZjSPS2, and ZjSS2 (Sucrose synthase) [20]. Studies on sucrose content,
metabolization-related enzyme activities, and genes in different stages of jujube fruit
development have indicated that ZjSPS3 and ZjSPS4 are the primary genes responsible for
regulating sugar accumulation during the development of jujube fruit [21]. Furthermore,
Zhang et al. conducted a genome sequencing-based screening and identified five key
genes (ZjSPS1, ZjSPS2, ZjSS51, ZjSS2, and ZjSS3) for sucrose synthesis in jujube [22]. The
interconversion of different types of sugar components is also influenced by the regulation
of associated genes. The low expression of invertase genes (vINV, nINV, and cINV) in
jujube fruits is a significant factor contributing to the higher sucrose content compared
to fructose and glucose content. The low expression level of INV genes, which encode
enzymes catalyzing the hydrolysis of sucrose into glucose and fructose, contributes to the
accumulation of sucrose in jujube fruits [22].

Most scholars have studied the effects of salt stress on jujube [23,24]. However, there
have been only limited studies on the adaptability and fruit quality of jujube under com-
plex Saline-Alkali stress. It remains unclear how carbohydrate substances respond to
salinity stress in jujube fruits and how related genes regulate carbohydrate accumula-
tion. In this instance, metabolomics technology can provide qualitative and quantitative
data on metabolites, enabling effective and comprehensive analysis of changes in metabo-
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lites in abiotic stress systems. This information can be used to establish the relationship
between genes and metabolites and construct the regulatory network of corresponding
metabolites [25-27]. Therefore, the present study utilized metabolomics to preliminarily
analyze the physiological, biochemical, and molecular regulatory mechanisms in response
to stress, thereby providing reference and technical support for the cultivation of jujube in
Saline-Alkali conditions.

2. Materials and Methods
2.1. Plant Materials and Treatments

The experimental site was located in Alar (Xinjiang, China; 40°22’ N-40°57' N). The
region experiences a warm temperate, extreme continental arid desert climate, and approx-
imately one-third of the total farmland area is secondary salinized farmland. Herein, a
completely randomized experimental design was used, and the neutral salt NaCl and basic
salt NaHCO3 were mixed in a molar ratio of 3:1 to prepare the treatment solution [1]. Start-
ing from the young fruit stage, the jujube trees were irrigated with a Saline-Alkali solution
every 14 days. The concentration gradients of the Saline-Alkali solution were 0 mmol-L~!,
control check (CK), 120 mmol-L~!, low Saline-Alkali stress (LS), and 300 mmol-L~!, high
Saline-Alkali stress (HS). Five trees were selected as fixed investigation samples for each
treatment, with three biological replicates. To prevent the infiltration of Saline-Alkali solu-
tion, each treatment’s rows were separated by a double layer of plastic film. During the
test, a plastic canopy with ventilation around the area was provided.

The jujube fruits located in the center of the tree and hanging outside the crown
were tagged 10 days after flowering (DAF). A total of 30 fruit samples of equal size were
collected at 60, 70, 85, 100, and 110 DAF from various parts of the tree. They were promptly
transported to the laboratory, wiped clean, cored, mashed, and mixed. The mixture was
then stored in an ultra-low temperature refrigerator at —80 °C for testing.

2.2. Determination of the Microstructure of Jujube Fruit

The microstructure of jujube fruit was analyzed through the paraffin sectioning
method [28]. A Thermofisher microtome (HM325, Nashville TN, USA) was used for
sectioning. Briefly, A 3 mm X 5 mm x 5 mm sample of equatorial pulp from a date
fruit was fixed in a 4% solution of formaldehyde-acetic acid—ethanol fixative, trimmed,
dehydrated, waxed, embedded, sliced, glued, dewaxed, stained, mounted, and digitally
photographed following standard operating procedures.

2.3. Determination of Sugar Composition

The sugar content in jujube fruit was determined using high performance liquid
chromatography (HPLC). Briefly, 1 g of quick-frozen pulp was accurately weighed using
a scale precise to 0.001 g. Further, the pulp was transferred to a mortar and ground until
homogenized. The homogenate was then placed in an 80 °C water bath for 30 min, ensuring
continuous oscillation during this period. Next, the mixture was centrifuged at 4000 rpm
for 15 min, after which the supernatant was transferred into a 25-mL volumetric flask using
a filter membrane with a pore size of 0.22 um. The sample was separated using an HPLC
column, detected using an evaporative light scattering detector (ELSD), and quantified
using the external standard method. Chromatographic conditions included the use of a
Waters XBridgeTM BEH Amide column (4.6 mm x 250 mm, 5 um) at a column temperature
of 30 °C. The mobile phase consisted of a 76:24 volume ratio of acetonitrile to water, and
the flow rate was 0.35 mL/min. The injection volume was 10 pL, the running time was
18 min, and each sample was measured three times in parallel. The standard curve was
created using mass concentration (X) and peak area (Y), and the regression equation was
established, which is presented in Table 1. The content of sugar components was calculated
according to the peak area of the sample and the regression equation in Table 1.
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Table 1. Linear regression equation and correlation coefficient of sugar components in a mixed
standard solution.

Sugar Constituent Regression Equation Correlation Coefficient
Fructose y = 749.23X1:6239 R? =0.9993
Glucose y = 1046.9X1:5509 R? = 0.9991
Sucrose y = 1055X1:6852 R? = 0.9989

2.4. Metabolomics Assay

The method for extracting metabolites was slightly modified based on the approach de-
scribed by Zou et al. [29]. Briefly, 100 mg of freeze-dried jujube fruit powder was weighed,
dissolved in 1.0 mL of extraction solution (which is a 70% methanol solution containing
0.1 mg/Llidocaine), and placed in a refrigerator at 4 °C overnight. The solution was swirled
three times during this period to ensure proper mixing. After extraction, the sample was
centrifuged at 12,000 rpm for 10 min. The supernatant was then filtered through a microp-
orous filter membrane with a pore size of 0.22 um and stored in an injection bottle for testing.
Further, data were collected using ultra-performance liquid chromatography (UPLC) and
tandem mass spectrometry (MS/MS). The Analyst 1.6.1 software was utilized to conduct
orthogonal partial least squares discriminant analysis (OPLS-DA) on the normalized data
matrix. Variable Importance in Projection (VIP) values and univariate statistical analysis,
including t-test p-values, were employed to identify significant differences in metabolites
between the various comparison groups. The threshold for a significant difference was
set at a VIP value > 1 and a t-test p-value of less than 0.05. After normalizing the data,
we conducted cluster analysis as well as Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) function analyses.

2.5. Quantitative Real-Time PCR (qRT-PCR)

The qRT-PCR test was conducted following the instructions of the TransStart® Green
qPCR SuperMix kit, with slight modifications [30]. When using UBQ?2 as the internal
reference gene, the reaction system should include 10 uL of total volume, 0.5 pL of cDNA
template, 0.5 L of both anterior and posterior primers, 5 uL of 2 x PerfectStartTM Green
qPCR SuperMix, 0.5 pL of Passive Reference Dye, 4.5 uL of ddH;O. Relative gene expression
was calculated using the 24T method, as described by Livak et al. The data are expressed
as the mean =+ standard error (SE) of three repetitions. The primers utilized for qRT-PCR
are presented in Table 2.

Table 2. Primer sequences for the qRT-PCR.

Gene Symbol Primer Sequence (5'-3) Primer Sequence (3'-5)
ZjSPS1 AGTCCCACTCGCTACTTCGT TCCAAATCCTCCAGCACATA
ZjSPS2 TCCCAAGCCCTCAGGTATTT GTAGTTTCTGTTTGCGTGTAG

ZjSS1 AAGTCATAAGATCCGCACAG AACACGAACATATTCCCAAA
ZjvINV2 ACCCGATAACCCGAAGGAAG GTCTGTACGGACGCCCAACC

ZjFK2 CCCTCCTTTCCTACGACCCG ATCGCTAACCTTGATCTCCTCTGC

ZjHK2 TGATAGCCCTAATCCAAACT TATCTGCCTCTTCTGACATTC

2.6. Data Analysis

IBM SPSS Statistics version 26.0 was utilized for data analysis, and Duncan’s mul-
tirange test was employed to determine significant differences at a significance level of
p < 0.05. Charts were created using Microsoft Excel 2019 (Redmond, WA, USA) and Origin
2018 (San Rafael, CA, USA).

3. Results
3.1. Phenotypic Changes in Jujube Fruit under Different Salinity-Alkali Treatments

At 100 DAE, the control fruits displayed a partially red fruit surface, while the LS
fruits exhibited a redder fruit surface, and the HS fruits displayed a completely red fruit
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(A)

(B)

CK

surface (Figure 1A). HS fruits matured earlier, as indicated by the color of their fruit
surface. The color of the fruit’s surface indicates that Saline-Alkali treatment may accelerate
fruit ripening. Paraffin sections of jujube fruits with three different salinity levels were
prepared simultaneously (see Figure 1B). As evident in the figure, the structure of CK was
complete, with closely arranged epidermal cells, plump flesh cells, and a smooth surface.
The structure of LS flesh cells was orderly; however, the arrangement of these cells was
loose, resulting in the formation of some cavities of varying sizes. The structure of the
HS network was more complex, with an increased degree of irregularity, and some cells
appeared slightly damaged.

LS HS

Figure 1. Fruit phenotype and flesh anatomical structure under various Saline-Alkali treatments.
(A): Comparison of fruit phenotypes at 100 days after flowering (DAF). (B): Comparison of cell
structure at 100 DAF.

3.2. Change in Sugar Component Content

The sugar composition of fruits was determined between 60 and 110 DAF (Figure 2).
Generally, the content of fructose, glucose, and sucrose increased with the extension of
growth time and sharply increased by 70 DAF. This indicates that the period of 70 DAF is
a crucial time for glucose metabolism and fruit quality (Figure 2). The levels of fructose
and glucose increased under Saline-Alkali stress (Figure 2A,B), whereas the sucrose con-
tent initially increased and then decreased with increasing Saline-Alkali stress conditions
(Figure 2C). The change trend of total sugar content was similar to that of sucrose (as
shown in Figure 2D), since jujube is a fruit that accumulates sucrose and has a relatively
high sucrose content [31]. Our study showed that low Saline-Alkali stress promotes sugar
accumulation, whereas high Saline-Alkali stress inhibits sugar accumulation.
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Figure 2. Content of sugar components in jujube fruits at different periods under Saline-Alkali
treatment. (A): Fructose, (B): Glucose, (C):sucrose, (D): Total sugar. Vertical bars represent the
mean =+ SE (n = 3). Different letters above the bars indicate significant differences at the 0.05 level by
Duncan’s multiple range test.

3.3. Metabolomics Analysis

Metabolomics was performed on samples of jujube fruit from five different periods
under three different treatments. Based on the results of OPLS-DA of metabolomics data
(Figure 3A), the processed data within each group were relatively concentrated, and the
samples in each comparison group were significantly separated from one another. The
degree of separation in the data processed at different periods was greater than that of the
data processed during the same period. The separation of metabolites changed consistently
throughout the fruit’s development, indicating excellent repeatability and the acquisition
of reliable and accurate data. The correlation clustering heat map of the samples (shown
in Figure 3B) revealed that 60 and 70 DAF samples were clustered into one class, whereas
85,100, and 110 DAF samples were clustered together in another class. This suggests that
the critical period for metabolite transformation in jujube fruit is between 70 and 85 DAF,
which is consistent with the findings shown in Figure 2.

We analyzed the KEGG annotation pathway of differential metabolites, and the results
showed that the differential metabolites among treatments were enriched in several path-

Zai a7

ways, including “glycolysis gluconeogenesis”, “secondary metabolite synthesis”, “cofactor
biosynthesis”, “abc transporter”, “carbon metabolism”, and “amino acid biosynthesis”
(Figure 3C,D). Based on the threshold of significant differential metabolites (VIP > 1 and
p-value < 0.05), a total of 537 differential metabolites were identified (see Supplementary S1).
Among these, 257 were adjusted upward and 280 were adjusted downward (refer to Table
51). After calculating the log,FC (fold change) based on the difference in multiples of
differentially-accumulated metabolites (DAMs) between the treatment and control groups,
the DAMs were classified according to the screening criteria of fold change >1.5 and
<0.5, as shown in Supplementary S2. The identified metabolites included 39 amino acids
and their derivatives, 104 phenolic acid metabolites, 27 nucleotides and their derivatives,
66 flavonoid metabolites, 22 lignans and coumarin metabolites, 24 other metabolites (such
as sugars and alcohols), 47 alkaloid metabolites, 29 terpene metabolites, 26 organic acid
metabolites, 151 lipid metabolites, and 2 tannin metabolites.
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Figure 3. Metabolomic analysis of differential metabolites under Saline-Alkali stress. (A): orthog-
onal partial least squares discriminant analysis of differentially accumulated metabolites (DAMs).
(B): Correlation heat map. (C): Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
pathway map of CK vs. LS at 110 days after flowering (DAF). (D): KEGG enrichment pathway map
of CK vs. HS at 110 DAFE.

3.4. Screening of Differentially-Accumulated Metabolites

Under different Saline-Alkali treatments, the top 10 metabolic pathways enriched with
the most metabolites during the five stages of jujube fruit development were identified.
These pathways included starch and sucrose metabolism (KO00500), galactose metabolism
(KO00052), biosynthesis of secondary metabolites (KO01110), ABC transporter (K0O02010),
ascorbic acid and alder acid metabolism (KO00053), amino sugar and nucleotide sugar
metabolism (KO00520), pentose and glucuronic acid conversion (KO00040), carbon fixation
in photosynthetic organisms (KO00710), and carbon metabolism (KO01200). All these
pathways are related to carbohydrate metabolism.

In the analysis of the metabolic pathways of starch and sucrose, 10 DAMs were
detected (see Figure 4A): glucose, mannose, glucuronic acid, glucose-1-phosphate, glucose-
6-phosphate, fructose-6-phosphate, fructose-1, 6-diphosphate, sucrose, and trehalose. These
metabolites were found to be present and clustered (see Figure 4A). The content of fruc-
tose and glucose was high in one class at 60 and 70 DAF and low at 85-110 DAF. The
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levels of fructose were higher under high salinity and alkali stress conditions at all times
than under control conditions. The contents of glucose-6-phosphate, glucose-1-phosphate,
and fructose-6-phosphate were lower under low and high saline stress conditions at each
stage than those under control conditions and were clustered into one class. Moreover,
the levels of metabolites such as trehalose, sucrose, glucose-1, 6-diphosphate, uridine 5-
diphosphoglycerate-glucose, and trehalose 6-phosphate gradually increased with the devel-
opment of fruits and were grouped into one class. The levels of glucose-1, 6-diphosphate,
uridine 5-diphosphoglycerate-glucose, and trehalose 6-phosphate decreased at 85 and
110 DAF with an increase in Saline-Alkali stress (see Figure 4A). The correlation network
diagram incorporating 10 DAMs and related genes (Figure 4B) revealed that a total of
6 DAMs, including glucose-1, 6-diphosphate, glucose, trehalose, sucrose, fructose, and
glucose-6-phosphate, were strongly correlated with genes. Among these metabolites,
sucrose was identified as the core metabolite in the metabolic pathway.
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Figure 4. Heat map depicting the clustering of carbohydrate metabolite content in jujube fruit under
Saline-Alkali stress and its correlation with differential genes. (A): The heat map cluster of DAM
content. (B): The correlation network diagram of DAMs and genes. Pink circles indicate nuclear
metabolites, green circles indicate genes, red lines indicate positive regulation, and blue lines indicate
negative regulation.

3.5. Expression Analysis of Genes Related to Carbohydrate Metabolism Enzymes

The expression changes in genes (such as sucrose phosphosynthase, hexokinase, and
fructokinase) of jujube fruits with the growth and development of fruits and Saline-Alkali
stress are shown in Figure 5. In general, with the development of fruit, the expression levels
of sucrose phosphate synthetase gene ZjSP51, sucrose synthase gene ZjSS1, and hexokinase
gene ZjFK2 showed a trend of first increasing and then decreasing, with expression levels
reaching the maximum at 100 DAF. This suggests that the period of 100 DAF is crucial for
the expression of sugar component-related genes. During this time, production should
excel in field management. With the intensification of Saline-Alkali stress, the expression
levels of ZjSPS1, ZjSS1, ZjvINV2, and ZjHK?2 genes were significantly higher at 60-100 DAF
under HS treatment than those under CK and LS treatments. At 110 DAF, the expression
levels of ZjSPS1 and ZjSS1 genes were not significantly different between HS and CK
treatments, and those of ZjvINV2 and ZjHK2 genes were higher under HS treatment than
under CK and LS treatments. These findings suggest that the sucrose invertase gene
ZjuINV2 and the fructokinase gene ZjHK2 played a regulatory role even during the late
stress period. At 110 DAF, the expression levels of sucrose synthase promoting genes ZjSS1
and ZjSPS2 decreased under high salt and alkali concentrations. This result is consistent
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Figure 5. Expression of glucose metabolism-related genes under Saline-Alkali stress. ZjSPS1: Sucrose
phosphate synthetase 1; ZjSPS2: Sucrose phosphate synthetase 2; ZjSS1: Sucrose synthetase; ZjoINV2:
Sucrose invertase; ZjFK2: Fructokinase; ZjHK2: Hexokinase. Vertical bars indicate the mean + SE
(n = 3). Different letters above the bars indicate significant differences at the 0.05 level by Duncan’s
multiple range test.

4. Discussion

The external environment can trigger premature fruit ripening; however, the mecha-
nism underlying premature ripening varies [32,33]. Strong light stress induces the produc-
tion of HyO, in tomatoes, which promotes fruit ripening through oxidative metabolism and
hormonal signals that integrate with ethylene [34]. In pomegranate cultivation, shortening
the irrigation period towards the end of the ripening period can advance the harvest. This
not only saves irrigation water but also increases the contents of anthocyanins, phenolic
compounds, fruit glucosides, and ellagic acid. As a result, it increases the fruit price without
affecting the market yield or fruit size [35]. In this study, it was observed that the fruit color
turned red as the concentration of Saline-Alkali stress increased at 100 DAF (Figure 1A).
This suggests that salt and alkali stress may promote fruit ripening. However, the specific
mechanism underlying this premature maturation requires further investigation. It is
also an interesting question whether fruit maturity and sugar content are correlated, and
relevant tests will be conducted in the future.

Plants have the ability to resist stress by accumulating sugars, increasing the concen-
tration of intracellular solutes, and maintaining osmotic balance. This helps to maintain
normal cell turgor pressure, prevent excessive dehydration of cell protoplasts, and reduce
the harm caused by stress [36,37]. Excessive stress can cause an osmotic imbalance and
hinder sugar accumulation [38,39]. Studies have shown that under varying concentrations
of NaCl stress, the levels of glucose, fructose, and sucrose in the leaves of tomato seedlings
are higher at low concentrations than those of the control group at high concentrations [40].
In our study, the sugar content exhibited a trend of initially increasing and then decreasing
with the increase in Saline-Alkali stress (Figure 2D). This indicates that low Saline-Alkali
stress promotes the accumulation of sugar in fruits, whereas high Saline-Alkali stress
inhibits the accumulation of sugar in fruits.
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The type and quantity of sugar are key factors in determining the quality of fruit.
Sugar serves as a fundamental building block for the production of fruit flavor compounds.
The content and type of sugar in fruits vary at different stages of development [41]. Our
study demonstrated that during the initial stages of jujube fruit development (60 and
70 DAF), glucose and fructose were the primary sugars accumulated (Figure 2). As the
fruits matured, sucrose content increased rapidly (Figure 2C), eventually becoming the
primary component of sugar accumulation in jujube fruits [42].

Metabolomics analysis is an effective method for studying plant metabolites. In
previous studies, the mechanisms underlying the responses of soybean [43], wheat [44],
tomato [45] to Saline-Alkali stress have been investigated using metabolomics. In the
present study, a broad-targeted metabolomics approach was employed to determine
metabolites present in five stages of jujube fruit development under conditions of low-
salinity stress, high-salinity stress, and no stress. A total of 144 phenolic acids, 77 flavonols,
76 amino acids and their derivatives, 69 free fatty acids, 60 sugars and alcohols, 59 organic
acids and their derivatives, 45 nucleotides and their derivatives, 35 flavonoids, 34 triter-
penoids, and 31 lysophosphatidylcholines were found to be involved in the response of
jujube fruit to Saline-Alkali stress. Significant differences in metabolites were observed
(Figure 3). This suggests that metabolomics technology can effectively identify the metabo-
lites and metabolic pathways of jujube fruit in response to Saline-Alkali stress.

Plants maintain cellular homeostasis by regulating their own metabolites, such as
sugars, proteins, and lipids, to adapt to changes in the external environment when under
stress [46]. In the present study, we found that the metabolites produced under different
treatments were primarily carbohydrates, lipids, phenolic acids, amino acids, and alco-
hols (see Table 52). It is possible that stress triggers the use of sugars as energy carriers
and promotes the structural rearrangement of cell membranes to resist stress [47]. Car-
bohydrates are a crucial component of fruit nutrients and also serve as vital signaling
substances for plants to resist stress. Environmental conditions, such as high salt levels,
alkalinity, and drought, can significantly impact the accumulation of sugar in plants [48,49].
The top 10 metabolic pathways identified in this study are all related to carbohydrate
metabolism, indicating that jujube fruit responds to Saline-Alkali stress by regulating
multiple carbohydrate metabolic pathways.

Regulation of carbohydrate metabolism is a crucial approach to enhancing plant stress
tolerance. Glucose, fructose, sucrose, and other carbohydrate metabolites play a vital
role in regulating the osmotic balance and stability of plant cells [42]. In muskmelon
seedlings subjected to Saline-Alkali stress, the stress promotes the conversion of starch into
soluble sugars to maintain the osmotic balance of the leaves. This is also consistent with
the observed increase in soluble sugar content in the leaves [50]. Saline-Alkali soil has a
significant impact on the levels of free fructose, sucrose, and inulin in Jerusalem artichokes.
In Saline-Alkali soil, the inulin content decreases while the free fructose and sucrose content
increase [51]. In this study, we detected 10 carbohydrate metabolites, including glucose
and sucrose, in the metabolic pathways of starch and sucrose. Among these metabolites,
glucose, fructose, sucrose, and trehalose were identified as the core metabolites in the
pathway. This finding further emphasizes the importance of glucose, fructose, sucrose,
and other carbohydrate metabolites in jujube fruits for resisting Saline-Alkali stress and
promoting sugar accumulation in fruits (Figure 4).

Numerous studies have demonstrated that the accumulation of sugar in fruit is associ-
ated with variations in the expression of genes encoding glucose-metabolizing enzymes
over time and space [52]. The interconversion of sucrose, fructose, and glucose is a crucial
aspect of plant sugar metabolism. Studying the levels of sucrose and reducing sugar in
jujube fruit is highly significant. Sucrose synthase (SS) and sucrose phosphor synthase
(SPS) are enzymes involved in the synthesis of sucrose, with SPS playing a primary role. SS
can catalyze both the synthesis and decomposition of sucrose. It is mainly distributed in
the cytoplasm, and the direction of the reaction is related to the substrate content. When
the glucose content is high, the pathway for synthesizing sucrose is dominant, and vice
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versa [53]. In the present study, we observed significant differences in the expression levels
of key genes involved in glucose metabolism under varying levels of Saline-Alkali stress
(Figure 2). These differences may be attributed to the varying levels of Saline-Alkali stress,
which can affect the expression of related genes and subsequently lead to differences in the
content of carbohydrate substances in different treatments (Figure 5). Jujube is a fruit that
accumulates sucrose, and the regulation of genes that control sucrose metabolism enzymes
plays a crucial role in sugar accumulation in the fruit [53]. In this study, the variation
trend of ZjSPS1 and ZjSS1 between 60 and 100 DAF was consistent with the increase in
salt-alkali stress (Figure 5). This trend was also consistent with the change in sucrose
accumulation content under Saline-Alkali stress (Figure 2C). These findings suggest that
the expression of sucrose phosphate synthase and sucrose synthase genes contributed to
sucrose accumulation in jujube fruit [54,55].

5. Conclusions

Saline-Alkali treatment can advance the maturation of jujube fruit. During the initial
phase of jujube fruit growth and development, the primary sugars accumulated are fructose
and glucose. However, in the later stages, sucrose becomes the dominant sugar. During
the whole growth and development period, the accumulation of sucrose is significantly
higher than that of fructose and glucose, indicating that jujube fruit belongs to the sucrose-
accumulation type of fruit. The period of 100 DAF is a critical period for the expression
of glucose-related genes. ZjuINV2 and ZjHK2 exhibit prolonged expression, while Z;jSS1
and ZjSPS?2 are the crucial genes involved in sucrose synthesis during Saline-Alkali stress.
A total of 10 different metabolites related to Saline-Alkali stress were identified from the
metabolome data, and six of them were found to be closely associated with sugar genes.
Among these metabolites, sucrose was identified as the core metabolite.
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