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Abstract: To investigate the effects of exogenous spermidine (Spd) on metabolism changes under
salt stress in cucumber roots, a gas chromatography-mass spectrometry (GC-MS) was performed.
The results showed that most of the 142 metabolites responded to salt stress or exogenous Spd
treatment. Salt stress reduced carbon consumption, resulted in the transformation of glycolysis
and the tricarboxylic acid (TCA) cycle to the pentose phosphate pathway (PPP), and meanwhile
increased salicylic acid (SA) and ethylene synthesis, and, thus, inhibited the growth of seedlings.
However, exogenous Spd further improved the utilization of carbon, the energy-saving pattern of
amino acid accumulation, and the control of hydroxyl radicals. In conclusion, Spd could promote
energy metabolism and inhibit SA and ethylene synthesis in favor of root growth that contributes to
higher salt tolerance. This study provides insight that may facilitate a better understanding of the salt
resistance by Spd in cucumber seedlings.
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1. Introduction

Agricultural production has been seriously affected by soil salinity because the salt level has
been a major limiting factor for plant growth, and affects a large terrestrial area in the world [1].
At present, nearly 20% of the irrigated land in the world is affected by salt, and more than 50% of the
cultivated land is expected to be seriously salinized by 2050 [2,3]. High salt concentration in soil often
causes osmotic stress (e.g., water deficit and nutrient imbalance), ion toxicity, and secondary stress
(e.g., oxidative stress), leading to “physiological drought”, cellular damage, and growth reduction,
and even death of plants [4,5]. Accordingly, a number of pathways are affected by salt stress, including
energy metabolism, secondary metabolism, phytohormone synthesis, and signal transduction. Plants
have also developed many biochemical and molecular mechanisms for the detrimental effects of
salt stress through activation of cascades of molecular networks involved in signal transduction, the
utilization of carbon, and the synthesis of compatible solutes and the control of hydroxyl radicals [4,6].
To cope with high salt concentrations, new technologies (e.g., proteomics and metabolomics) and
exogenous growth regulators (e.g., polyamines (PAs) and γ-aminobutyric acid (GABA)) have been
used [7,8].

In recent years, following genomics, transcriptomics, and proteomics, metabolomics as an original
tool to obtain a comprehensive perspective of the mechanisms have been widely and rapidly used in salt
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stress studies [2,7]. Metabolites can be considered as the end products of gene expression, and represent
the amount of all the levels of regulation in between gene and enzyme [2,9]. Correspondingly, linking
metabolomics changes in the biochemical pathway with the enzymes involved can effectively assist in
the identification of gene functions. Therefore, metabolomics can be a powerful method for studying
the principle of plant response to salt stress. When plants are damaged by salt stress, metabolomics
studies are performed to expound variations in metabolic pathways and networks, and to look for
key genes in plant metabolic pathways [9]—then applying exogenous materials and other means to
analyze and evaluate the metabolites before and after treatment, providing a basis for improving
plant resistance and analyzing gene functions. However, this is a challenging task due to the known
number of metabolites in plants being estimated to exceed 200.000, and the massive molecules with
different structures and chemical properties [2,10]. Accordingly, many targeted techniques and different
analytical approaches have been designed and used for a specific genotype or sample, allowing us to
make insight into the multiple physiological processes in responses to stress conditions [7,11].

Polyamines (PAs) are aliphatic nitrogenous groups with low molecular mass commonly found in
plants [8]. In general, common natural PAs include the higher PAs, spermine (Spm) and spermidine
(Spd), and their diamine obligate precursor putrescine (Put) [12]. In plants, PAs play an important
role in response to abiotic stress due to their polycationic nature [13]. For instance, PAs can protect
negatively charged macromolecules, such as DNA, RNA, and certain proteins [14]. Moreover, recent
studies have shown that PAs have diverse functions and roles in response to plant stress [15,16].
For instance, PAs can act as direct hydroxyl radical scavenging and influence antioxidant activity
at molecular and gene expression level. In addition, PAs participate in signal transductions and
form a complex network with nitric oxide, abscisic acid, ethylene, and Ca2+ in response to stress
conditions [14,16]. According to this complex network from the cell to the entire plant, changes in their
metabolism may cause a shift in a series of cellular metabolism pathways, such as energy metabolism
and plant hormone synthesis [15]. Furthermore, compared to other plant hormones, PAs are often
present in high concentrations. Hence, high PAs concentrations have been linked to salt stress tolerance
in many plant species [16]. As a result, exogenous application of PAs has been widely used as a strategy
to enhance salinity tolerance. Among the three major PAs, there is significant evidence suggesting
that exogenous application of Spd could preserve the integrity of plant cell membrane, maintain
cellular ionic balance minimize growth inhibition caused by salt stress, and reduce superoxide radical
contents [8,13].

Cucumber (Cucumis sativus L.) is one of the most important vegetable crops worldwide, but it is
highly sensitive to salinity because its roots are fragile, aerobic, and shallowly distributed, especially
in the germination and early growth phases [17]. Serious secondary salinization in greenhouse soils
causes large-scale physiological diseases of cucumber, reduces the yield and quality of cucumber,
and leads to huge losses of economic value [18]. Recent studies in cucumber have shown that exogenous
application of Spd could enhance seedlings stress tolerance [16,19]. Despite many studies on the
functions and the roles of exogenous Spd in salt stress resistance, it remains unclear how exogenous
Spd regulates cucumber growth and molecular responses. Therefore, our research used salt-sensitive
cucumber cultivar ‘Jinchun No.2′ as material, and combined with the gas chromatography-mass
spectrometry (GC-MS) technology to investigate metabolites change in cucumber roots. GC-MS is a
powerful technique for the identification and quantification of metabolites, especially for analysis of
distinctive tolerance mechanisms in different plant organs of horticultural crops under salt stress [14].
We identified specific metabolites whose abundances changed under salt stress with exogenous Spd
using comparative metabolomics analysis. Combined with an analysis of important growth parameters,
we revealed a close relationship between the differentially expressed metabolites and the observed
physiological changes. Consequently, the metabolic mechanism of exogenous Spd responses to alleviate
salt stress in cucumber seedling roots was proposed.
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2. Materials and Methods

2.1. Plant Materials and Stress Treatments

Cucumber (cv. Jinchun No. 2) seeds were soaked in hot water at the temperature of 55 ◦C for 15 min,
then were transferred onto moist filter papers in the germination boxes in the dark at the temperature of
28 ◦C for 30 h. The germinated seedlings were sown in plastic trays (41 cm × 41 cm × 5 cm) containing
quartz sand, and were cultivated in a greenhouse under natural light with a relative humidity of 60–75%,
and a temperature of 26 ± 2 ◦C/day and 16 ± 2 ◦C/night at the Shanxi Agricultural University, China.
When the cotyledons had expanded, seedlings were supplied with water containing a concentration of
Hoagland’s nutrient solution every two days. After the three pieces of the euphylla were fully developed,
48 seedlings with uniform size were transplanted into plastic containers (51 cm × 33 cm × 20 cm) with
aerated Hoagland’s nutrient solution. The hydroponic solutions were kept at the temperature of
22 ± 2 ◦C and were continuously aerated using an air pump at an interval of 30 min to maintain the
dissolved oxygen at 8.0 ± 0.2 mg/L, and were renewed every 3 days.

After three days of pre-culture, the cucumber seedlings were subjected to three different treatments:
(1) CK, control seedlings were grown in Hoagland’s solution; (2) S, seedlings were grown in Hoagland’s
solution containing 75 mM NaCl; (3) SS, seedlings were grown in Hoagland’s solution containing
75 mM NaCl and 0.1 mM Spd. Each treatment had four replicates, and a total of 16 plants per treatment.
After five days of treatment, five seedlings were collected for the determination of physiological
parameters, and eight roots of seedlings per treatment were collected and frozen immediately in liquid
nitrogen and stored at −80 ◦C to study the characteristic metabolites [10].

2.2. Determination of Plant Growth

The height (The distance between the cotyledon node to growing point) and stem diameter
(below the cotyledon node 1 cm) of the seedlings were determined with a ruler and vernier caliper,
respectively [20]. After cucumber seedlings were washed with sterile distilled water and the water
wiped off with tissue paper, the maximum length, maximum width, and total area of the euphylla,
and total length, surface area, volume, average diameter, and number of roots were measured using an
Expression 1680 scanner (Epson, Sydney, Australia) and analyzed with WinRHIZO (Regent Instruments
Ltd., Ontario, Canada). After fresh weights of shoots and roots were measured, shoots and roots
were transplanted into a forced air oven at 105 ◦C for 15 min, and then placed at 75 ◦C for 3 days to
determine their dry weights.

2.3. Metabolite Extraction

The exact mass of the root of the cucumber seedling sample (60 mg of fresh weight) was
weighed and transferred into 1.5 mL centrifuge tubes. Then 360 µL of cold methanol and 40 µL of
L-2-chloro-phenylalanine (0.3 mg/mL stock in methanol) were added and put into a Tissuelyser-48
(60 Hz) to grind into tissue homogenate for 2 min. After the tissue homogenate was extracted
with an ultrasonic wave for 30 min, followed by adding 200 µL chloroform and 400 µL deionized
water, it was then extracted with an ultrasonic wave for 30 min and centrifuged for 10 min at
14,000 rpm. Seven hundred microliters of supernatant was transferred into a glass centrifuge tube.
After samples were rapidly volatile-dried by centrifuge enrichment, 80 µL methoxylamine pyridine
solution (15 mg/mL) was added, vortexed for 2 min, and incubated for 90 min at 37 ◦C. Each sample
was obtained by adding 80 µL bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatization reagent
(containing 1% trimethylchlorosilane (TMCS)) and 20 µL n-Hexane, vortexed for 2 min, and incubated
for 40 min at 40 ◦C. Finally, samples were placed for 30 min at room temperature and waited for the
GC-MS metabolism analysis.
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2.4. GC-MS Analysis and QC

Each 1 µL aliquot of the derivatized solution was injected in splitless mode into the Agilent
7890A-5975C GC-MS system (Agilent, Palo Alto, CA, USA). Separation was carried out on a non-polar
DB-5 capillary column (30 m × 250 µm I.D., J&W Scientific, Folsom, CA, USA), with high purity helium
as the carrier gas at a constant flow rate of 1.0 mL/min. The GC temperature programming began
at 60 ◦C, followed by 8 ◦C/min oven temperature ramps to 125 ◦C, 4 ◦C/min to 210 ◦C, 5 ◦C/min to
270 ◦C, and 10 ◦C/min to 305 ◦C, and a final 3 min maintenance at 305 ◦C. The electron impact (EI) ion
source was held at 260 ◦C with a filament bias of −70 V. Full scan mode (m/z 50-600) was used, with an
acquisition rate of 20 spectrum/s in the MS setting. The quaility control (QC) sample was prepared by
mixing aliquots of all samples to obtain a pooled sample and then analyzed using the same method as
the analytic samples. The QCs were injected at regular intervals (every eight samples) throughout the
analytical run to provide a set of data from which repeatability can be assessed.

2.5. Statistical Analysis

The acquired MS data from GC-MS were analyzed by ChromaTOF software (v 4.34, LECO,
St Joseph, MI, USA). Briefly, after alignment with the Statistic Compare component, the CSV file was
obtained with three-dimension data sets, including sample information, retention time-m/z, and peak
intensities. The detectable peaks of urine samples in GC-MS were 716 in total, and the internal standard
was used for data quality control (reproducibility). After internal standards and any known pseudo
positive peaks, such as peaks caused by noise, column bleed, and the BSTFA derivatization procedure,
were removed from the data set, and the peaks from the same metabolite were combined, the detectable
metabolites of urine samples in GC-MS were 142 in total. The data set was normalized using the sum
intensity of the peaks in each sample.

The data sets resulting from GC-MS were separately imported into the SIMCA-P+ 14.0 software
package (Umetrics, Umeå, Sweden). Principle component analysis (PCA) and (orthogonal) partial
least-squares-discriminant analysis (O)PLS-DA were carried out to visualize the metabolic alterations
among experimental groups, after mean centering and unit variance scaling. Variable importance in
the projection (VIP) ranks the overall contribution of each variable to the (O)PLS-DA model, and those
variables with VIP > 1.0 are considered relevant for group discrimination.

In this study, the default 7-round cross-validation was applied with 1/seventh of the samples
being excluded from the mathematical model in each round, to guard against overfitting. Significant
differences of metabolites between treatment were tested using one-sample or independent sample
Student’s t-test analysis on SPSS19 software, and the growth indices data were statistically analyzed
using Duncan’s new multiple range test at the 0.05 level of significance.

3. Results

3.1. Growth Parameters of Cucumber Seedlings

After five days of treatment, the salt stress significantly decreased plant growth, while exogenous
Spd alleviated the growth inhibition by salinity (Figure 1). Compared with the control, the shoot fresh
weight, shoot dry weight, maximum leaf length, maximum leaf width, total leaf area, and plant height
of salt treatment were reduced by 55.7%, 63.7%, 31.8%, 28.2%, 45.1%, 44.2%, respectively. The shoot
fresh weight, shoot dry weight, maximum leaf length, maximum leaf width, total leaf area, and plant
height of Spd-treated were increased by 81.7%, 113.33%, 34.2%, 33.6%, 60.1%, 55.2%, respectively,
compared to salt stress (Figure 2). In addition, the fresh weight, dry weight, surface area, average
diameter, volume, and total length of roots were significantly suppressed by salt stress, while these
indicators were significantly increased by exogenous Spd under salt stress. However, the surface
area, average diameter, and volume of roots in Spd-treated did not significantly change as compared
with the control (Figure 2). Thus, these results clearly showed that salt stress inhibited the growth of
cucumber seedlings, and exogenous Spd could alleviate these damages.
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S = 75 mM NaCl, SS = 75 mM NaCl + 0.1 mM Spd. Data are expressed as the mean ± standard
error. Different letters indicate significant differences at p < 0.05, according to Duncan’s new multiple
range test.
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3.2. Metabolic Changes in Cucumber Seedlings

To reveal the physiological mechanism of cucumber seedlings by Spd under the salt stress,
quantitative and qualitative root metabolites analysis of 24 samples were carried out. The total ion
chromatogram (TIC) of 24 samples is shown in Figure S1. An obvious chromatographic difference
between sample groups revealed that the retention time was reproducible and stable, implying that
the metabolomic analysis was reliable. The metabolite profiles showed a significant difference in all
treatments. A total of 142 kinds of metabolites were identified, and their relative concentrations were
determined (Table 1).

Based on the PCA and Heatmap analysis results (Figure 3a and Figure S2), a separation of samples
under control, salt stress with or without Spd in roots was observed. The samples of different treatments
were separated by the first principal component (PC1) and the second principal component (PC2),
representing 48.5% and 19.9% of the total variation (Figure 3a), respectively. Each number in the
loading plot (Figure 3b) represented a variable. Metabolites contributing to the separation between
different treatments could be obviously identified due to the most of the variables that were away
from the coordinate center. The samples of control (CK) and salt stress with or without Spd (S and SS)
were clearly separated by PC1, whereas PC2 distinguished the samples of presence (SS) and absence
(S) of Spd under salt stress. The contribution of metabolites in roots of cucumber seedlings for PC1
came from a number of metabolites with the most discrimination power dominated by sugars and
their intermediate metabolites (e.g., xylose, succinic acid, 3-PGA, galactinol, erythrose-4-phosphate,
ribulose-5-phosphate glucose-6-phosphate, and trehalose-6-phosphate), and amino acids (e.g., glycine,
citrulline, and asparagine), while organic acids (e.g., azelaic acid, aminooxyacetic acid (AOAA),
and glucoheptonic acid), some amino acids (e.g., valine, cysteine, and threonine), nucleotide metabolic
pathway (e.g., hypoxanthine, thymine, and uridine) and polyamines (e.g., spermidine) were the
dominate metabolites contributing to PC2 (Figure 3b and Table S1).
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Figure 3. Principle components analysis (PCA) on metabolite profiles of the roots in cucumber seedlings
under normal condition and salt stress with or without Spd. CK = control, S = 75 mM NaCl, SS = 75 mM
NaCl + 0.1 mM Spd; (a) Scores plot; (b) Loading plot. Each number in loadings plot corresponds to a
metabolite and its contribution to the principal components, as shown in Table S1.

3.3. Differentially Metabolites under Salt Stress with or without Spd

To investigate the metabolic differences by salt stress and exogenous Spd, we compared the
content of metabolites between the control and salt stress with or without Spd treatment (Table 1,
Figure 4).



Agronomy 2020, 10, 459 7 of 21
Agronomy 2020, 10, x FOR PEER REVIEW 8 of 22 

 8 

 
Figure 4. Proposed metabolic network changes in the roots of cucumber seedlings obtained through 
(orthogonal) partial least-squares-discriminant analysis ((O)PLS-DA) under normal condition and 
salt stress with or without Spd. CK=control, S= 75 mM NaCl, SS=75 mM NaCl + 0.1 mM Spd; 
Significant difference at p < 0.05. 

Table 1. Root other metabolites responsive to salt stress and Spd (Metabolites not shown in Figure 
4). 

Metabolite Names 

Relative Concentration Fold Changes VIP 

CK S SS 
Log2 

(S/CK) 

Log2 

(SS/S) 

Log2 

(SS/CK) 
S/CK SS/S SS/CK 

Simple sugars 

Fructose  15.74±0.61 11.86±0.69 11.95±0.76 -0.41** 0.01 -0.40** 0.95 0.02 0.9 

Mannose 132.87±6.19 56.64±3.17 55.38±3.63 -1.23*** -0.03 -1.26*** 1.21 0.13 1.21 

Xylose 21.64±0.67 8.44±0.58 5.25±0.3 -1.36*** -0.68*** -2.04*** 1.22 1.2 1.26 

Erythrose 5.66±0.32 2.14±0.22 8.61±0.08 -1.41*** 2.01*** 0.61*** 1.16 1.44 1.14 

Galactose 31.89±1.98 154.64±17.37 125.09±6.81 2.28*** -0.31 1.97*** 1.13 0.25 1.25 

Sedoheptulose 101.88±6.41 45.73±2.47 34.28±1.29 -1.16*** -0.42** -1.57*** 1.18 1.12 1.24 

Glucoheptose 6.38±0.34 8.03±0.58 5.35±0.49 0.33* -0.59** -0.25 0.71 1.03 0.57 

Talose 3.38±0.12 2.09±0.07 1.51±0.03 -0.69*** -0.47*** -1.16*** 1.19 1.35 1.26 

Allose 0.82±0.04 0.39±0.02 0.38±0.03 -1.07*** -0.04 -1.11*** 1.18 0.22 1.15 

Altrose 3.16±0.25 11.29±0.6 14.74±0.77 1.84*** 0.38** 2.22*** 1.22 1.03 1.25 

Oligoses 

Maltotriose 3.83±0.27 1.37±0.04 2.61±0.2 -1.48*** 0.93*** -0.55** 1.22 1.34 0.89 

Cellobiose 9.14±0.53 1.99±0.27 1.69±0.09 -2.20*** -0.23 -2.43*** 1.01 0.06 1.26 

Figure 4. Proposed metabolic network changes in the roots of cucumber seedlings obtained through
(orthogonal) partial least-squares-discriminant analysis ((O)PLS-DA) under normal condition and salt
stress with or without Spd. CK = control, S = 75 mM NaCl, SS = 75 mM NaCl + 0.1 mM Spd; Significant
difference at p < 0.05.

3.3.1. Sugar Metabolic Changes

A large number of detected metabolites involved in primary metabolic pathways were found under
salt stress. Compared with the control, salt stress increased the levels of 3-Phosphoglycerate(3-PGA),
citric acid, and fumaric acid, that are involved in the glycolytic pathway and the tricarboxylic acid (TCA)
cycle, and the levels of 6-phosphogluconic acid, ribulose-5-phosphate, and erythrose-4-phosphate,
that are involved in the pentose phosphate pathway (PPP) (p < 0.001 and VIP > 1; Figure 4). Meanwhile,
salt stress significantly decreased the levels of glucose-6-phosphate, succinic acid, and malic acid,
which participated in the glycolysis and TCA cycle (p < 0.001 and VIP > 1; Figure 4). With exogenous Spd,
the levels of glucose-6-phosphate, fumaric acid, and ribulose-5-phosphate were significantly decreased
compared with salt stress, whereas the amount of 6-phosphogluconic acid and erythrose-4-phosphate
were increased (p < 0.01 and VIP > 1; Figure 4). Although cucumber is a raffinose family oligosaccharides
(RFOs) translocation plant, the level of raffinose was below the detection limit of GC-MS. With exogenous
Spd, the levels of raffinose and galactinol were detected higher than the control, while myo-inositol was
significantly decreased (p < 0.001 and VIP > 1; Figure 4). In addition, only galactinol was significantly
increased without Spd under salt stress compared with the control (p < 0.001 and VIP > 1; Figure 4).

Most of the levels of the soluble sugars in roots were decreased under salt stress compared with the
control. Only three soluble sugars, galactose, altrose, and levoglucosan, showed significantly increased
levels after salt treatment (p < 0.01 and VIP > 1; Table 1). In contrast, the levels of sugar derivatives
showed an opposite accumulation trend to soluble sugars after salt treatment. Sugar phosphate esters
(e.g., glucose-1-phosphate), some sugar acids (e.g., saccharic acid, galactonic acid, and threonic acid),
and sugar alcohols (e.g., threitol) were significantly increased under salt stress compared with the
control (p < 0.001 and VIP > 1; Table 1). Only the level of trehalose-6-phosphate (T-6-P) decreased
dramatically in both the presence and absence of Spd under salt stress as did ribitol (p < 0.001 and VIP
> 1; Figure 4). Exogenous Spd had a certain impact on sugars and their derivatives compared with
salt stress, such as erythrose, altrose, maltotriose, glucuronic acid, gluconic acid, and lactobionic acid
were significantly increased; meanwhile, xylose, sedoheptulose, glucoheptose, talose, melibiose, T-6-P,



Agronomy 2020, 10, 459 8 of 21

lactobionic acid. 2-deoxy-D-galactose, and ribitol were significantly decreased (p < 0.001 and VIP > 1;
Table 1, Figure 4).

3.3.2. Organic Acids Changes

High salinity caused a significant reduction in carboxylic acids content, including maleic acid,
glyceric acid, 3-hydroxypropionic acid, 3-hydroxybutyric acid, and 2-hydroxybutanoic acid (p < 0.001
and VIP > 1; Table 1). In contrast, α-ketoisovaleric acid and 2-ketobutyric acid, which were confirmed
in the amino acid metabolism pathway, and malonic acid, an inhibitor of the amber deoxy enzyme,
were dramatically enhanced in salt stress (p < 0.001 and VIP > 1; Table 1). Meanwhile, compared
with salt stress, exogenous Spd significantly improved the contents of some carboxylic acids (e.g.,
3-hydroxypropionic acid, AOAA, benzoic acid, and pipecolinic acid), polyphenols (e.g., glycerol),
and simple lipids (e.g., 1-monopalmitin and 2-monopalmitin) (p < 0.01 and VIP > 1; Table 1, Figure 4).
By contrast, the contents of some carboxylic acids (e.g., maleic acid, glycolic acid, 2-furoic acid,
lactic acid, 3-hydroxybutyric acid, 2-hydroxybutanoic acid, malonic acid, and pyrrole-2-carboxylic
acid), polyphenols (e.g., gallic acid, pyrogallol, and 1,2,4-benzenetriol), alcohols (cuminic alcohol and
dodecanol), and fatty acids (e.g., azelaic acid and heptadecanoic acid) were significantly downgraded
by Spd under salt stress (p < 0.01 and VIP > 1; Table 1, Figure 4).

3.3.3. Amino Acids Changes

The results showed that most of the glutamate family (glutamine, ornithine, and citrulline) were
upregulated; only glutamate was downregulated when cucumber seedlings were exposed to salt stress
(p < 0.001 and VIP > 1; Figure 4). Among the aspartate family, asparagine and homoserine were
significantly increased in roots of cucumber seedlings under salt stress (p < 0.001 and VIP > 1; Figure 4).
Moreover, the levels of leucine, glycine, and α-aminoadipic acid were significantly decreased when
cucumber seedlings were exposed to high salinity, whereas oxoproline, N-carbamylglutamate (NCG),
cysteinylglycine, and maleimide were significantly increased (p < 0.01 and VIP > 1; Table 1, Figure 4).
Furthermore, compared with the control, the levels of proline, aspartic acid, valine, and cysteine
showed accumulation trends under salt stress, while alanine, threonine, and serine were significantly
reduced (p < 0.001 and VIP > 1; Table 1, Figure 4). Compared with salt stress, exogenous Spd caused a
significant increase in the levels of citrulline, GABA, asparagine, threonine, and NCG. By contrast,
with exogenous Spd, the levels of glutamate, ornithine, proline, soleucine, leucine, valine, cysteine,
aminoadipic acid, and aromatic amino acids were significantly decreased (p < 0.001 and VIP > 1;
Table 1, Figure 4).

3.3.4. Other Metabolites Changes

A majority of the contents of the nucleotide metabolic pathway in roots, such as adenine, guanosine,
adenosine, inosine, and β-alanine, were decreased under salt stress, while only allantoic acid and urea
were significantly increased (p < 0.01 and VIP > 1; Table 1). By contrast, catecholamine metabolism
pathway (e.g., noradrenaline) and steroids (e.g., 22-ketocholesterol) were significantly increased under
salt stress, whereas dehydroascorbic acid was reduced (p < 0.001 and VIP > 1; Table 1). Meanwhile,
exogenous Spd significantly improved the contents of thymine, uridine, and adenosine, and significantly
reduced the contents of uracil, adenine, inosine, hypoxanthine, dihydrouracil, and urea, respectively. By
contrast, compared with salt stress, the contents of Spd, plant hormones (e.g., salicin), and noradrenaline
were significantly increased, while the contents of L-dopa, dehydroascorbic acid, 22-ketocholesterol,
21-hydroxypregnenolone, and nicotinic acid were significantly downgraded by exogenous Spd under
salt stress (p < 0.01 and VIP > 1; Table 1).
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Table 1. Root other metabolites responsive to salt stress and Spd (Metabolites not shown in Figure 4).

Metabolite Names
Relative Concentration Fold Changes VIP

CK S SS Log2
(S/CK)

Log2
(SS/S)

Log2
(SS/CK) S/CK SS/S SS/CK

Simple sugars
Fructose 15.74 ± 0.61 11.86 ± 0.69 11.95 ± 0.76 −0.41 ** 0.01 −0.40 ** 0.95 0.02 0.9
Mannose 132.87 ± 6.19 56.64 ± 3.17 55.38 ± 3.63 −1.23 *** −0.03 −1.26 *** 1.21 0.13 1.21

Xylose 21.64 ± 0.67 8.44 ± 0.58 5.25 ± 0.3 −1.36 *** −0.68 *** −2.04 *** 1.22 1.2 1.26
Erythrose 5.66 ± 0.32 2.14 ± 0.22 8.61 ± 0.08 −1.41 *** 2.01 *** 0.61 *** 1.16 1.44 1.14
Galactose 31.89 ± 1.98 154.64 ± 17.37 125.09 ± 6.81 2.28 *** −0.31 1.97 *** 1.13 0.25 1.25

Sedoheptulose 101.88 ± 6.41 45.73 ± 2.47 34.28 ± 1.29 −1.16 *** −0.42 ** −1.57 *** 1.18 1.12 1.24
Glucoheptose 6.38 ± 0.34 8.03 ± 0.58 5.35 ± 0.49 0.33 * −0.59 ** −0.25 0.71 1.03 0.57

Talose 3.38 ± 0.12 2.09 ± 0.07 1.51 ± 0.03 −0.69 *** −0.47 *** −1.16 *** 1.19 1.35 1.26
Allose 0.82 ± 0.04 0.39 ± 0.02 0.38 ± 0.03 −1.07 *** −0.04 −1.11 *** 1.18 0.22 1.15
Altrose 3.16 ± 0.25 11.29 ± 0.6 14.74 ± 0.77 1.84 *** 0.38 ** 2.22 *** 1.22 1.03 1.25

Oligoses
Maltotriose 3.83 ± 0.27 1.37 ± 0.04 2.61 ± 0.2 −1.48 *** 0.93 *** −0.55 ** 1.22 1.34 0.89
Cellobiose 9.14 ± 0.53 1.99 ± 0.27 1.69 ± 0.09 −2.20 *** −0.23 −2.43 *** 1.01 0.06 1.26
Leucrose 0.03 ± 0.01 0.04 ± 0 0.05 ± 0.01 0.58 0.2 0.78 0.55 0.24 0.61
Melibiose 12.94 ± 0.63 9.48 ± 0.91 4.89 ± 0.44 −0.45 ** −0.96 *** −1.40 *** 0.83 1.19 1.18

Polysaccharide
Levoglucosan 4.04 ± 0.27 12.13 ± 0.77 9.15 ± 0.59 1.59 *** −0.41 * 1.18 *** 1.22 0.96 1.18

Sugar phosphate esters
Glucose-1-P 69.52 ± 6.18 357.65 ± 20.12 529.59 ± 81.17 2.36 *** 0.57 * 2.93 *** 1.24 0.82 1.23

Sugar acids
Saccharic acid 0.56 ± 0.03 0.94 ± 0.03 8.95 ± 0.42 0.76 *** 3.25 *** 4.00 *** 1.13 1.49 1.27

Glucuronic acid 8.78 ± 0.38 9.7 ± 0.14 13.95 ± 0.42 0.14 * 0.53 *** 0.67 *** 0.68 1.41 1.18
Gluconic acid 20.39 ± 0.84 25.3 ± 0.65 30.2 ± 0.9 0.31 *** 0.26 ** 0.57 *** 0.99 1.16 1.16

Gluconic lactone 2.08 ± 0.07 1.05 ± 0.1 1.64 ± 0.28 −0.98 *** 0.64 −0.35 1.13 0.58 0.55
Glucoheptonic acid 0.66 ± 0.04 1.32 ± 0.06 0.83 ± 0.07 1.00 *** −0.67 *** 0.33 1.17 1.19 0.65

Galactonic acid 5.68 ± 0.26 10 ± 0.35 8.8 ± 0.56 0.82 *** −0.18 0.63 *** 1.18 0.67 1.06
Threonic acid 14.82 ± 0.61 35.47 ± 2.16 39.15 ± 1.01 1.26 *** 0.14 1.40 *** 1.22 0.63 1.26

Lactobionic acid 14.07 ± 1.03 5.69 ± 0.38 8.69 ± 0.7 −1.31 *** 0.61 ** −0.69 *** 1.18 1.08 0.98
Glucosaminic acid 2.54 ± 0.07 3 ± 0.17 2.6 ± 0.16 0.24 * 0.21 0.03 0.73 0.66 0.07
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Table 1. Cont.

Metabolite Names
Relative Concentration Fold Changes VIP

CK S SS Log2
(S/CK)

Log2
(SS/S)

Log2
(SS/CK) S/CK SS/S SS/CK

Amino sugar
N-acetyl-β-D-mannosamine 1.08 ± 0.1 1.46 ± 0.22 1.83 ± 0.07 0.43 0.33 0.76 *** 0.03 0.47 1

Deoxy suger
2-Deoxy-D-galactose 0.22 ± 0.02 0.41 ± 0.01 0.32 ± 0.02 0.89 *** −0.36 ** 0.53 ** 1.12 1.12 0.92

Sugar alcohols
Ribitol 5.53 ± 0.18 3.01 ± 0.18 2.03 ± 0.14 −0.88 *** −0.57 ** −1.44 *** 1.18 1.14 1.23

Threitol 0.93 ± 0.01 2.23 ± 0.15 2.11 ± 0.12 1.25 *** −0.08 1.18 *** 1.21 0.19 1.24
Allo-inositol 0.31 ± 0.02 0.34 ± 0.02 0.28 ± 0.02 0.13 −0.31 * −0.18 0.36 0.83 0.49

1,5-Anhydroglucitol 1.84 ± 0.42 1.92 ± 0.04 1.84 ± 0.1 0.06 −0.06 0 0.33 0.41 0.21

Carboxylic acids
Maleic acid 0.6 ± 0.02 0.29 ± 0.03 0.18 ± 0.02 −1.06 *** −0.70 ** −1.77 *** 1.15 1.11 1.24

Glyceric acid 14.17 ± 0.35 10.99 ± 0.33 11.57 ± 0.43 −0.37 *** 0.07 −0.29 *** 1.11 0.41 1
Glycolic acid 0.89 ± 0.07 0.55 ± 0.07 0.25 ± 0.02 −0.7 ** −1.14 *** −1.83 *** 0.9 1.24 1.22
2-Furoic acid 2.17 ± 0.56 0.39 ± 0.09 0 −2.46 *** OS ** OS ** 0.99 1.37 1.23

Lactic acid 65.74 ± 4.89 48.74 ± 3.45 32.82 ± 2.03 −0.43 * −0.58 ** −1.00 *** 0.76 1.08 1.14
3-Hydroxypropionic acid 0.74 ± 0.01 0.44 ± 0.01 0.51 ± 0.02 −0.76 *** 0.23 ** −0.53 *** 1.25 1.13 1.2

3-Hydroxybutyric acid 2.21 ± 0.11 0.9 ± 0.05 0.62 ± 0.04 −1.30 *** −0.54 *** −1.83 *** 1.22 1.17 1.25
2-Hydroxybutanoic acid 363.26 ± 17.41 240.05 ± 6.36 185.64 ± 5.56 −0.60 *** −0.37 *** −0.97 *** 1.13 1.3 1.22

Benzoic acid 0.72 ± 0.04 0.98 ± 0.13 1.64 ± 0.1 0.44 0.75 ** 1.18 *** 0.58 1.11 1.2
Quinoline-4-carboxylic acid 0.21 ± 0.01 0.19 ± 0.01 0.12 ± 0.01 −0.19 −0.61 −0.79 0.42 0.78 0.66

Pyrrole-2-carboxylic acid 0.26 ± 0.04 0.34 ± 0.03 0.19 ± 0.02 0.39 −0.81 *** −0.42 0.59 1.25 0.41
Pipecolinic acid 15.85 ± 0.49 21.37 ± 0.74 25.23 ± 0.24 0.43 *** 0.24 *** 0.67 *** 1.1 1.18 1.24

2-Ketobutyric acid 1.67 ± 0.08 4.75 ± 0.38 4.76 ± 0.1 1.51 *** 0 1.51 *** 1.21 0.1 1.26

Polyphenols
Gallic acid 7.11 ± 0.39 5.53 ± 0.35 3.6 ± 0.18 −0.36 * −0.62 *** −0.98 *** 0.81 1.22 1.19
Pyrogallol 0.13 ± 0 0.16 ± 0.01 0.11 ± 0.01 0.3 * −0.54 ** −0.24 * 0.74 1.09 0.73

1,2,4-Benzenetriol 0.17 ± 0.01 0.18 ± 0.01 0.1 ± 0.01 0.04 −0.87 ** −0.83 *** 0.07 1.15 1
Neohesperidin 2.95 ± 0.17 2.08 ± 0.1 1.58 ± 0.17 −0.51 *** −0.4 −0.9 * 0.98 0.79 0.72
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Table 1. Cont.

Metabolite Names
Relative Concentration Fold Changes VIP

CK S SS Log2
(S/CK)

Log2
(SS/S)

Log2
(SS/CK) S/CK SS/S SS/CK

Alcohols
Acetol 0.55 ± 0.08 0.82 ± 0.08 0.57 ± 0.04 0.57 −0.52 * 0.05 0.63 0.87 0.18

Cuminic alcohol 0.56 ± 0.1 0.36 ± 0.01 0.33 ± 0.09 −0.64 −0.14 ** −0.78 ** 0.63 1.03 0.92
Cyclohexane-1,2-diol 2.09 ± 0.06 0.97 ± 0.25 2.73 ± 0.17 −1.10 * 1.49 0.38 0.86 0.25 0.25

Dodecanol 0.56 ± 0.04 0.52 ± 0.04 0.34 ± 0.02 −0.11 −0.60 *** −0.71 *** 0.26 1.17 1.09
Diglycerol 4.29 ± 0.03 1.46 ± 0.06 0.84 ± 0.11 −1.56 *** −0.79 * −2.34 ** 1.26 0.86 0.87
Glycerol 522.34 ± 77.62 390.08 ± 12.75 475.12 ± 21.25 −0.42 0.28 *** −0.13 0.19 1.03 0.26

Fatty acids
Stearic acid 0.25 ± 0.01 0.32 ± 0.02 0.28 ± 0.01 0.34 ** −0.21 0.14 0.83 0.65 0.43

Palmitic acid 10.3 ± 0.86 5.81 ± 0.64 4.48 ± 0.86 −0.83 *** −0.37 −1.20 ** 0.97 0.56 0.96
Heptadecanoic acid 1.13 ± 0.25 0.43 ± 0.12 0.05 ± 0.02 −1.38 ** −3.08 *** −4.46 *** 0.89 1.3 1.13

Azelaic acid 0.22 ± 0.01 0.26 ± 0.01 0.17 ± 0.01 0.25 * −0.60 *** −0.34 ** 0.8 1.37 0.96

Simple lipids
Monostearin 0.64 ± 0 0.3 ± 0.03 0.56 ± 0.07 −1.06 *** 0.87 −0.19 * 1.13 0.68 0.76

1-Monopalmitin 2.5 ± 0.33 1.47 ± 0.1 2.27 ± 0.16 −0.77 0.63 ** −0.14 0.47 1.11 0.04
2-Monopalmitin 0.79 ± 0.09 0.7 ± 0.05 1.18 ± 0.11 −0.18 0.75 ** 0.57 * 0.25 1.13 0.78

Other aspartate family
Threonine 2.36 ± 0.04 1.77 ± 0.04 3.42 ± 0.03 −0.41 *** 0.95 *** 0.54 *** 1.21 1.48 1.26
Isoleucine 33.33 ± 0.54 30.55 ± 1.28 23.53 ± 0.61 −0.13 −0.38 *** −0.50 *** 0.61 1.21 1.22

Aromatic amino acids
Tryptophan 8.75 ± 0.36 12.96 ± 0.49 10.2 ± 0.43 0.57 *** −0.35 ** 0.22 * 1.13 1.13 0.74

Phenylalanine 0.83 ± 0.05 1.43 ± 0.08 0.86 ± 0.1 0.79 *** −0.73 ** 0.06 1.1 1.13 0.03
Tyrosine 161.38 ± 8 125.23 ± 6.4 92.65 ± 3.99 −0.37 ** −0.43 ** −0.80 *** 0.88 1.14 1.17

Other amino acids
Oxoproline 224.1 ± 16.39 615.38 ± 17.81 428.64 ± 20.67 1.46 *** −0.52 *** 0.94 *** 1.22 1.27 1.13

α-Aminoadipic acid 11.92 ± 0.44 8.1 ± 0.17 5.48 ± 0.15 −0.56 *** −0.56 *** −1.12 *** 1.17 1.42 1.25
Creatine degr 5.88 ± 0.36 7.06 ± 0.21 6.46 ± 0.29 0.27 * −0.13 0.14 0.74 0.64 0.42

N-Carbamylglutamate 3.61 ± 0.31 6.87 ± 0.31 9.74 ± 0.14 0.93 *** 0.50 *** 1.43 *** 1.1 1.33 1.21
Cycloleucine 0.33 ± 0.02 0.48 ± 0.06 0.53 ± 0.11 0.55 0.16 0.71 0.59 0.05 0.51

Cysteinylglycine 0 1.05 ± 0.27 0.51 ± 0.09 OS ** −1.04 OS ** 1.11 0.42 0.99
Maleimide 0.1 ± 0 0.23 ± 0.01 0.25 ± 0.01 1.20 *** 0.15 1.35 *** 1.26 0.62 1.25
Oxamide 0.68 ± 0.01 6.66 ± 0.36 6.14 ± 0.23 3.30 *** −0.12 3.18 1.27 0.58 0.02
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Table 1. Cont.

Metabolite Names
Relative Concentration Fold Changes VIP

CK S SS Log2
(S/CK)

Log2
(SS/S)

Log2
(SS/CK) S/CK SS/S SS/CK

Nucleotide metabolic pathway
Uracil 4.28 ± 0.47 4.36 ± 0.44 2.94 ± 0.15 0.03 −0.57 ** −0.54 * 0.08 1.07 0.75

Thymine 0.24 ± 0.01 0.11 ± 0 0.19 ± 0 −1.13 *** 0.84 *** −0.30 ** 1.23 1.46 0.92
Adenine 3.22 ± 0.1 2.59 ± 0.08 2 ± 0.09 −0.31 *** −0.38 ** −0.69 *** 1.01 1.16 1.17
Uridine 4.03 ± 0.52 2.98 ± 0.34 7.76 ± 0.35 −0.44 1.38 *** 0.95 ** 0.42 1.3 0.96

Guanosine 12.33 ± 1.66 4.06 ± 0.25 3.79 ± 0.38 −1.60 *** −0.1 −1.70 *** 1.11 0.3 1.1
Adenosine 97.24 ± 8 15.08 ± 0.51 35.96 ± 1.01 −2.69 *** 1.25 *** −1.44 *** 1.25 1.47 1.22

Inosine 1.37 ± 0.09 0.83 ± 0.05 0.42 ± 0.02 −0.72 ** −1.00 *** −1.72 *** 1.07 1.37 1.24
Hypoxanthine 0 0.1 ± 0.02 0.06 OS *** OS * OS 1.24 1.29 1.28

Carbamoyl-aspartic acid 2.46 ± 0.16 3.8 ± 0.22 2.26 ± 0.23 0.63 *** −0.75 ** −0.12 1.01 1 0.27
β-Alanine 5.64 ± 0.13 3.96 ± 0.09 4.05 ± 0.06 −0.51 *** 0.03 −0.48 *** 1.21 0.34 1.22

3-Aminoisobutyric acid 45.2 ± 2.04 48.34 ± 1.87 27.57 ± 5.41 0.1 −0.81 * −0.71 * 0.38 0.91 0.73
5,6-Dihydrouracil 41.11 ± 2.4 33.48 ± 1.93 19.5 ± 1.2 −0.30 * −0.78 *** −1.08 *** 0.7 1.28 1.17

Allantoic acid 0 3.22 ± 0.12 6.3 ± 0.04 OS *** 0.97 OS *** 1.27 0.37 0.99
Urea 10.22 ± 0.32 20.86 ± 0.89 16.08 ± 0.67 1.03 *** −0.38 ** 0.65 *** 1.23 1.15 1.18

Polyamines
Putrescine 28.26 ± 2.26 25.54 ± 1.62 23.03 ± 1.74 −0.15 −0.15 −0.31 0.29 0.41 0.55

Hormones and precursors
Salicin 2.73 ± 1.62 4.45 ± 0.84 6.71 ± 0.93 0.71 0.59 * 1.3 * 0.51 1.2 0.97

Melatonin 0.79 ± 0.01 0.82 ± 0.02 1.49 ± 0.03 0.06 0.86 0.92 0.5 0.06 0.09
α-Ecdysone 20.49 ± 1.18 16.73 ± 0.61 17.87 ± 0.99 −0.29 * 0.1 −0.2 0.74 0.33 0.5

Sphingosine
Phytosphingosine 0.8 ± 0.09 1.61 ± 0.28 2.74 ± 0.56 1.01 0.77 1.78 ** 0.51 0.55 0.96

D-Erythro-sphingosine 2.87 ± 0.33 7.94 ± 0.62 6.38 ± 0.85 1.47 *** −0.32 1.15 *** 1.15 0.51 0.84
Dihydrosphingosine 3.58 ± 0.17 3.63 ± 0.09 5.14 ± 0.15 0.02 0.5 0.52 0.12 0.46 0.41

Catecholamine metabolism pathway
L-dopa 1.23 ± 0.07 1.75 ± 0.17 1.13 ± 0.07 0.51 * −0.63 ** −0.12 0.81 1.06 0.3

Dehydroascorbic acid 0.37 ± 0.02 0.22 ± 0.01 0.17 ± 0.01 −0.75 *** −0.41 *** −1.16 *** 1.11 1.21 1.21
Noradrenaline 9.82 ± 0.63 17.28 ± 1.15 26.68 ± 2.05 0.82 *** 0.63 *** 1.44 *** 1.07 1.12 1.2
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Table 1. Cont.

Metabolite Names
Relative Concentration Fold Changes VIP

CK S SS Log2
(S/CK)

Log2
(SS/S)

Log2
(SS/CK) S/CK SS/S SS/CK

Steroids
22-Ketocholesterol 5.12 ± 0.28 132.18 ± 5.73 96.63 ± 3.18 4.69 *** −0.45 *** 4.24 *** 1.27 1.24 1.28

21-Hydroxypregnenolone 0.35 ± 0.01 0.5 ± 0.02 0.38 ± 0.01 0.51 *** −0.40 *** 0.11 1.12 1.2 0.63
7-Hydroxy-4-androstene-3,17-dione 0.28 ± 0.02 0.19 ± 0.01 0 −0.54 *** OS *** OS *** 1.02 1.36 1.17

Vitamin
Nicotinic acid 2.2 ± 0.04 3.03 ± 0.13 2.06 ± 0.15 0.46 *** −0.56 ** −0.1 1.12 1.14 0.35
Nicotinamide 0.95 ± 0.05 0.85 ± 0.11 0.72 ± 0.07 −0.16 −0.24 −0.41 * 0.4 0.44 0.8

CK = control, S = 75 mM NaCl, SS = 75 mM NaCl + 0.1 mM Spd. The relative contents of metabolites are the means of data from eight biological replicates using GC-MS. Data are
expressed as the mean ± standard error of eight biological replicates. * Significant difference at p < 0.05. ** Significant difference at p < 0.01. *** Significant difference at p < 0.001. OS,
one-sample t-test analysis. Bold numbers are VIP values > 1 and p-values < 0.05.
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4. Discussion

Plant roots are the first parts of plants that encounter soil stress and respond to stress signals
through different physiological or morphological changes, so the growth status of the root system
should be paid more attention [21]. All indicators of the root system of cucumber seedlings with Spd
were significantly higher than salt stress. The total length, surface area, average diameter, and volume
of roots of cucumber seedlings with Spd even had no significant difference compared with the
control. These results clearly suggested that the cucumber seedlings with Spd attributed to significant
improvement in growth status under high salinity. The findings were consistent with existing research
results [16,19,22].

Plant growth under salt stress was closely related to carbohydrate accumulation and energy
metabolism. The studies have shown that changes in the contents of some sugars and their derivatives
are a normal response of a plant to salt stress [23–25]. In the root, sugars were derived from
gluconeogenesis, sugar transport, and polysaccharide degradation [26]. As Na+ stress restricted the
entry of CO2 from the environment into mesophyll cells, the photosynthesis rate and carbon assimilation
capacity of cucumber seedlings were inhibited under salt stress [16,18]. Our result suggested that
the accumulation of sugars and certain intermediates was not a simple active response to salt stress,
but rather combined complex effects of glycolysis, TCA cycle, PPP, and gluconeogenesis. We also found
that glycolysis and the TCA cycle, and the accumulation of sugar were inhibited, whereas PPP and
raffinose family oligosaccharides (RFOs) were enhanced in roots under salt. Moreover, exogenous Spd
had a certain impact on sugars and their derivatives compared with salt stress, enhancing the PPP and
TCA cycle, increasing the content of some sugar acids, and inhibiting some sugar-phosphate esters.

Central metabolism (glycolysis and TCA cycle) not only valuably provided energy in stress
conditions but also provided carbon skeletons for biosynthesis [27]. Correspondingly, the levels of
carbon skeletons influenced central metabolism. Other studies have shown that the accumulation of
citric acid and 3-PGA can inhibit glycolysis by inhibiting the activity of phosphofructokinase (PFK),
which is a rate-limiting enzyme of glycolysis [28]. In this study, salt stress caused an increase in
levels of citric acid and 3-PGA, especially the level of 3-PGA, which was below the detection limit of
GC-MS in the control, which suggested that glycolysis was downregulated in response to salt stress.
This conclusion was supported by the result showing that glycolysis in cucumber root tissues was
inhibited by salt stress [29]. In other studies, most TCA cycle intermediates and organic acids in
salt-sensitive plant roots showed a decreasing trend after salt stress [30–32]. However, the TCA cycle
had duplicity or ammphibic of catabolism and anabolism, and intermediates were involved in a large
number of biosynthetic pathways. Meanwhile, some degradation pathways can also produce TCA
cycle intermediates, such as the oxidation of odd fatty acids, the deamination and transamination
of amino acid, and the decomposition of valine to produce succinyl-CoA [33,34]. Therefore, it was
not possible to simply determine whether the TCA cycle was inhibited or promoted by a decrease
or increase in the concentration of certain intermediates. In this study, the increase in citric acid and
fumaric acid, and the decrease in succinic acid and malic acid only indicated a perturbation of the TCA
cycle under S and SS. However, salt stress could significantly increase the concentration of malonic acid,
which is a representative strong inhibitor of the TCA cycle [35], whereas Spd-treated could significantly
reduce its concentration. This meant that exogenous Spd can reduce the inhibition of the TCA cycle in
plant root tissue by salt stress, thereby enhancing salt tolerance.

Other research has shown that the carbon pathway of glycolysis may flow into PPP to provide
NADPH for antioxidant effects when plants were subjected to salt stress [36]. In this study, the level of
ribulose-5-phosphate in roots under control conditions was below the detection limit of GC-MS.
However, in the roots after the salt treatment, PPP intermediates, such as 6-phosphogluconic
acid, ribulose-5-phosphate, and erythrose-4-phosphate, significantly increased in response to
salt stress. The accumulation of PPP intermediates was in agreement with the report that the
PPP-mediated recycling of NADPH is an important antioxidant molecule against salt-induced oxidative
stress [37,38]. Furthermore, in the roots after the Spd treatment, the levels of ribulose-5-phosphate and
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glucose-6-phosphate were more significantly decreased than without Spd under salt stress, whereas
the levels of 6-phosphogluconic acid and erythrose-4-phosphate were increased. The depletion of
glucose-6-phosphate and the accumulation of 6-phosphogluconic acid indicated an increased enzyme
activity of glucose 6-phosphate dehydrogenase (G6PDH), a key enzyme of PPP, and generated a large
amount of NADPH [39]. This conclusion was supported by the result showing the increase in G6PDH
transcripts was positively correlated with the accumulation of Spd [40]. As ribulose-5-phosphate is the
link between the oxidative and non-oxidative branches of PPP, the depletion of ribulose-5-phosphate and
the accumulation of erythrose-4-phosphate indicated an increased flow of carbons to the non-oxidative
part of PPP, in which part a large amount of sugar metabolism intermediates are produced [41].
Thus, exogenous Spd could coordinate the plant’s demand for a large amount of sugar metabolism
intermediates and NADPH in response to salt stress.

Carbohydrates are not only the primary material of energy for plant metabolism, but can
also be involved in osmotic adjustment and hydroxyl radical scavenging to promote the cucumber
salt-tolerance. In addition to sucrose transport plants, there were some RFOs that were the main forms
of photosynthetic products, such as cucumber, which are commonly referred to as RFOs translocation
plant [42,43]. Taji et al. reported that the contents of galactinol and raffinose in Arabidopsis thaliana
with gene of TsGolS significantly increase compared with wild type, thereby enhanced the tolerance of
plants to salt stress [44]. In this study, raffinose in roots could not be observed without salt treatment
(less than the detection limit), possibly due to less relevance under normal growth conditions [44].
After salt stress, the level of galactinol in roots was significantly increased. It is well-known that
galactinol and raffinose are regarded as osmolytes that protect cellular structures and hold osmotic
balance under salt treatment [45]. Galactinol and raffinose have been reported to have a more superior
hydroxyl radical scavenging capacity than typical antioxidants (e.g., ascorbate and glutathione) [46].
The accumulation of galactinol indicated an increased tolerance to saline ions and an improved
ability for hydroxyl radical scavenging. The enzyme involved in the first step of RFO biosynthesis
was galactitol synthase (GolS), which catalyzes the conversion of myo-inositol to galactitol. GolS is
considered as a key regulator of the RFO biosynthetic pathway because the activity of this enzyme will
determine the accumulation level of RFOs [46]. In this study, exogenous Spd further promoted the
depletion of myo-inositol and the accumulation of galactitol, suggesting that Spd might induce RFOs
synthesis by increasing GolS to enhance salt tolerance. However, the mechanism by which exogenous
Spd promotes RFOs accumulation to maintain osmotic balance and hydroxyl radical scavenging
remains to be further elucidated.

Although the accumulation of trehalose in the plant has been reported as one of the key
protection mechanisms against salt stress conditions [5,23,25], a similar trend was not observed in
this study. In fact, except for resuscitation plants and trehalose metabolic mutants, trehalose content
was very low in the angiosperms; thus, a role as protectant or carbon storage to participate directly
in stress protection seems less plausible [47]. On the other hand, many studies have shown that
the trehalose precursor T-6-P was an important signal molecule that regulates plant metabolism and
gene expression [48,49]. Recent studies have shown that T-6-P inhibits the activity of the SnRK1
(i.e., sucrose non-fermenting-1-related protein kinase 1), which are sensors of energy availability and
regulate more than 1000 genes related to biosynthesis, growth metabolism, and stress response [50,51].
Under salt stress, SnRK1 activity increased as a consequence of decreased T-6-P, thereby activating
catabolic energy-producing pathways and inhibiting anabolic energy-consuming pathways to maintain
energy homeostasis [52,53]. The recent study has suggested that lower T-6-P played a wider role
in regulating the source–sink relationship of plant metabolism under stress conditions, which can
improve photosynthesis [54]. In our study, the lowest concentration of T-6-P was in Spd-treated roots.
This result was supported by the study showing that Spd could improve the photosynthetic capacity
of cucumber to increase salt tolerance [16,55].

Based on the above results, we suggested that exogenous Spd could regulate the central metabolism
by more effective carbon utilization and improve the accumulation of carbon assimilation production,
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thereby providing more material and energy to promote the cucumber salt-tolerance. In addition, recent
studies have shown that nitrogen metabolism is strongly interconnected with carbon metabolism [56].
Therefore, it is important to ensure that there are enough carbon skeletons and energy during the
assimilation of nitrogen and the synthesis of amino acids for plant growth and development [57,58].
However, due to the inhibition of energy metabolism, plants respond to high salinity levels by inhibiting
protein synthesis, promoting protein degradation, and changing amino acids composition [16,22,30].

Under salt stress, the synthesis of amino acids in plants mainly depended on the availability
of energy and carbon skeletons. Glutamate and aspartic acid could act as an immediate donor
of amino groups for the synthesis of most other amino acids and linked primary metabolisms,
such as amino acid metabolism, nucleotide metabolism, and glucose metabolism, through their
TCA cycle precursors [33,57,58]. Glutamine and asparagine had a higher nitrogen-to-carbon ratio
and could sequester more nitrogen using the limited carbon skeletons in response to environmental
stresses [58–60]. This conclusion supported the result of glutamine and asparagine accumulation
under salt stress without Spd. In addition, the nitrogen transport of allantoic acid was energy efficient
since the nitrogen-to-carbon ratio for allantoic acid in 1:1 compared with 2:5 for glutamine and 1:2 for
asparagine [61]. Allantoic acid accumulation was associated with a number of traits involved in the
tolerance of salt stress, through saving more carbon skeletons and salicylic acid (SA) signaling [54].
Based on those results, we suggested that the pattern of amino acid accumulation and nitrogen
transport in cucumber under salt stress was closely related to the insufficient supply of photosynthetic
products. Furthermore, asparagine accumulation and polyamine synthesis promoted each other in
response to stress [62]. The further glutamate depletion and asparagine accumulation with Spd in this
study suggested that Spd could further use the energy-saving pattern of amino acid accumulation and
nitrogen transport in response to salt stress.

Meanwhile, glutamate could further synthesize citrulline, proline, ornithine, and GABA as active
substances under salt stress [57,63,64], resulting in a further reduction in glutamate content in S and
SS treatments. Citrulline was the most abundant in Cucurbitaceae plants and occurred as a primary
carrier of organic nitrogen in the form of free amino acid [65,66]. Compared to mannitol, citrulline was
identified as the most effective among compatible solutes in response to abiotic stress [67,68]. In this
study, further exogenous Spd citrulline accumulation indicated that Spd-induced salt-tolerance was
correlated with citrulline effectively protecting DNA and scavenging hydroxyl radicals.

Proline is generally considered to be an osmotic regulator, an active oxygen scavenger, and a
protein structure in response to high salinity [30]. The major sources of proline in plants are the
glutamate synthesis pathway and the ornithine synthesis pathway, both of which are activated to
varying degrees under salt stress [64,69]. Activation of the ornithine synthesis pathway in seedlings
played a vital role in improving plant salt tolerance [64]. This finding was consistent with our results
that the levels of ornithine and proline without Spd under salt treatment were significantly higher than
those of control. However, compared to without Spd, the level of proline was significantly decreased
with Spd. One explanation for this observed discrepancy might be that the actual osmotic effect of
proline was weak, and excessive accumulation of proline is related to the sensitivity of plant genotypes
to salt stress [70,71]. This finding was consistent with the fact that our study used a salt-sensitive
cucumber cultivar “Jinchun 2” as a material. In addition, NCG was an N-acetyl glutamate (NAG)
analog, which has a wide range of biological functions in animals, such as participating in the urea
cycle. The study has shown that NCG can be used as an arginine endogenous activator to promote
the synthesis of arginine and citrulline by glutamine or proline and to stimulate nitric oxide (NO)
and Spd to play positive effects in numerous metabolic cycles [72]. This might also be another reason
for the further depletion glutamine and proline with exogenous Spd under salt stress. However,
there are few reports on the role of NCG in plants, so the effect of exogenous Spd on NCG remains to
be further elucidated.

Previous studies reported that GABA had a functional role in central carbon metabolism and
membrane oxidation remediate in response to salt stress [73,74]. Recent research has shown that
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plant salt tolerance was closely related to promoting the accumulation of GABA and inhibiting the
accumulation of glutamate [75]. The depletion of glutamate and the accumulation of GABA with Spd
in this study suggested that Spd can effectively improve cucumber salt tolerance. This conclusion was
supported by the result that Spd might be involved in GABA-remediated membrane oxidation injury
under salinity stress [74]. Spd and GABA not only had similar functions but they could also promote
to accumulate each other in response to stress. For example, GABA might promote the conversion of
Put to Spd [76]. This might be due to plant salt tolerance being positively related to Spd levels but
negatively related to Put levels [74]. This was verified in our study by the accumulation of Spd and
depletion of Put in SS, although the decrease in Put was not obvious.

Our studies have highlighted the essential involvement of primary metabolites: sugars and their
derivatives, glycolysis, PPP, and TCA cycle intermediates, and amino acids as direct markers of energy
metabolism dysfunction as well as effectors of osmotic balance and hydroxyl radical scavenging.
On the contrary, secondary metabolites were more specific of regulatory molecules and responded to
salt stress conditions as antioxidants. It has been shown that the positive role of Spd was confirmed to
ameliorate the salt stress effect by reducing SA content in cucumber [77]. This finding was in agreement
with our result that the level of benzoic acid served as the precursor of SA was significantly increased
to reduce the synthesis of SA in Spd treatment. On the other hand, plants converted excess free salicylic
acid into bound salicylic acid (i.e., salicylic acid glucoside) to avoid damage [78]. It was consistent
with the result that the level of salicin was significantly increased to reduce the toxicity to plant cells in
Spd treatment. Numerous studies have shown that ethylene and PAs not only have opposite effects
in regulating plant growth and development but also have antagonistic relationships [79]. In most
cases, exogenous Spd could inhibit ethylene biosynthesis, which plays a role in reducing stress and
delaying aging. Ethylene and Spd synthesis imposed competitive demands on the common precursor
S-adenosylmethionine (SAM) [80], and Spd reduced ethylene synthesis by scavenging reactive oxygen
species (ROS), which can promote the synthesis of ethylene [81]. Our results also found that exogenous
Spd could significantly increase the concentration of AOAA served as the inhibitor of ethylene synthesis,
thereby inhibiting ethylene synthesis. As ethylene mainly increased plant salt resistance by reducing
growth [82], this might be one of the reasons why the growth indices of roots of cucumber seedlings
with Spd were not significantly different from the control. Based on these findings, the Spd treatment
might help alleviate the negative effect of some plant hormones on the growth of cucumber under
salt stress.

5. Conclusions

In summary, the effect of salt stress and Spd treatment on cucumber seedlings was investigated
at the metabolic level. Salt stress might lead to the transformation of glycolysis and the TCA cycle
to PPP, and provide antioxidant effects for NADPH, and meanwhile reduce carbon consumption,
regulate osmotic adjustment, increase SA and ethylene synthesis, and, thus, inhibit the growth of
seedlings. While exogenous Spd further improved the utilization of carbon, the energy-saving pattern
of amino acid accumulation and the control of hydroxyl radicals. Moreover, Spd could promote energy
metabolism and inhibit SA and ethylene synthesis in favor of root growth that contributes to higher salt
tolerance. This study provides insight that may facilitate a better understanding of the salt resistance
by Spd in cucumber seedlings.
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