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Abstract

:

Sulfur is an essential nutrient required for plant growth and metabolism, and plays an important role in relieving stress. Nutrient deficiency is one of the main factors that negatively affect crop growth, quality, and yield. This study aimed to evaluate the effect of sulfur nutrients on the growth and metabolites of lettuce after treatment with two different sulfur concentrations (16 μM and 2 mM) in spray hydroponics. The fresh weight, chlorophyll, and carotenoid content of lettuce leaves were analyzed. Root morphology was examined using the WinRHIZO program. Metabolites were comparatively evaluated with the help of LC-MS and GC-MS. The fresh weight, chlorophyll, and carotenoid contents of lettuce were higher in the high concentration sulfur treatment group than in the low concentration sulfur treatment group. In the characteristics analysis of the lettuce roots, treatment with a high concentration of sulfur had a more positive effect on the lettuce root development than treatment with a low concentration of sulfur. Moreover, mass-based metabolomics analysis showed that the lettuce metabolites content was significantly different according to low- and high-concentration sulfur treatments. Therefore, this study highlights the importance of sulfur nutrient content in lettuce growth and metabolites.
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1. Introduction


Sulfur (S) is an essential component of cells and is a macronutrient required for plant growth and metabolism. Cysteine, which is a product of the reductive sulfate assimilation pathway, is a source of reduced sulfur for many other essential metabolites, including methionine. Additionally, the reactivity of the thiol group (-SH) makes it critical for structural maintenance as the protein’s cysteine residues form disulfide bridges [1]. Since the amino acids cysteine and methionine contain sulfur, it is present in many significant biomolecules such as proteins, nucleic acids, vitamin cofactors, and metabolites and is very important for the synthesis of chlorophyll in plants. Sulfur affects plant growth, development, nutritional quality, disease tolerance, and resistance [2,3,4,5].



Plants absorb sulfur mainly in the form of sulfate. Sulfate itself and cysteine or glutathione (GSH) play a signaling role in regulating the absorption and distribution of sulfate in plants [6,7]. This involves increased expression of several sulfate transporters and enzymes involved in sulfate assimilation, such as ATP sulfurylase (ATPS) and adenosine 5′-phosphosulfate (APS), and reductase (APR) [8].



Nutrient deficiencies in plants are the main factors that negatively affect plant growth and agricultural and horticultural yields. Among plant nutrient deficiences, sulfur deficiency reduces the quality and yield of crops [9,10]. Sulfate deficiency reduces the synthesis of the enzyme Rubisco (ribulose-1,5-biphosphate carboxylase/oxygenase), which affects the assimilation rate of CO2, eventually delaying carbohydrate synthesis [11,12]. Furthermore, sulfur deficiency in Eruca sativa leads to alterations in biomass production and chlorophyll synthesis [13]. Water stress and sulfur deficiency interfered with the reproductive process with synergistic effect, reducing seed weight and seed number, and causing seed miscarriage, underscoring the importance of sulfur in maintaining seed yield components under water stress [14]. Rice has a high absorption rate of arsenic, a dangerous heavy metal, which can potentially pose serious health risks. While sulfur is an important essential macronutrient, it also has the ability to reduce arsenic accumulation in plants. The additionally supplied sulfur reduced the arsenic content of rice by trapping arsenic in the rice roots [15]. Sulfur deficiency inhibits imidacloprid-induced detoxification enzymes including cytochrome P450, glutathione S-transferases (GSTs), and glycosyltransferases in lettuce tissue, further increasing the production of reactive oxygen species and exacerbating lipid peroxidation. It has been reported that these results lead to oxidative damage in plants by increasing the accumulation of pesticide residues and toxic metabolites and decreasing detoxification capacity [16]. Furthermore, other studies showed that sulfur supplementation in wheat improves both grain yield and protein quality and content [17,18,19]. Additionally, sulfur deficiency is one of the plant stresses that can disrupt plant homeostasis. Sulfur is an essential element for the physiological function and growth of plants [20,21]. Another study found that levels of organic acids, including malic and citric acids, were decreased in lettuce plants under higher selenium and sulfur supply, whereas malic and citric acid levels were significantly increased for moderate sulfur and low selenium fertilization. The two selenium levels (1.3 and 3.8 μM) in the 1 mM sulfur condition also led to higher concentrations of soluble sugars including glucose and fructose. Moreover, amino acids (Asn, Glu, and Gln) show significantly higher levels under higher sulfur and selenium conditions. This shows that “crosstalk” between selenium and sulfur exhibits a unique synergistic effect on amino acid and soluble sugar biosynthesis [22].



Lettuce (Lactuca sativa L.) is one of the most popular leaf vegetables as the most basic ingredient in vegetable salads and occupies the largest share of all wrapped vegetables in Korea. Lettuce is grown worldwide and is a source of phenolics, flavonoids, minerals, fiber, and various vitamins and antioxidants. These physiologically active compounds in lettuce are foods that are beneficial to human health, showing anti-inflammatory, cholesterol-lowering, and anti-diabetic activities [23,24,25]. A sufficient nutrient supply level has a significant effect on crop yield and, consequently, a decrease in minerals affects plant metabolic processes. This nutrient deficiency may reduce the quality of crops. Supplementing plants with mineral elements is one of the most effective strategies for obtaining bio fortified crops to improve both plant and human health [26,27]. However, the effect of sulfur nutrients on the growth and chemical profiles of lettuce has been rarely investigated.



Therefore, this study aims to analyze the metabolite changes relating to sulfur nutrients in lettuce using ultra-performance liquid chromatography-quadrupole-time-of-flight mass spectrometry (UPLC-Q-TOF MS) and gas chromatography-mass spectrometry (GC-MS) to obtain detailed information on metabolite changes. Based on the identified metabolites, a lettuce metabolomic pathway associated with sulfur treatment was proposed. Sulfur will play an important role in improving the nutritional quality of the most popular vegetables, such as lettuce.




2. Materials and Methods


2.1. Plant Materials and Growth Condition


Lettuce (Lactuca sativa L. cv. “Cheongchima”) seeds were germinated by sowing seeds one by one in sponge cubes (2.5 × 2.5 × 2.5 cm). The germinated lettuce was grown under standard cultivation conditions (22 °C, 16 h light/8 h dark, 60% relative humidity) using blue and red LED lights. The LED lights used in the study were 655 nm for red and 437 nm for blue, and were installed approximately 25 cm above the spray hydroponic pot. A spectroradiometer (Avaspec-ULS2048, Avantes, Apeldoorn, The Netherlands) was used to monitor the photosynthetic photon flux density (PPFD) and light spectra (Figure 1, Table 1).



The culture medium is a composition of Hoagland solution [28] with a slightly modified composition. The sulfur-rich conditions are 1 mM KH2PO4, 2 mM NH4NO3, 4 mM Ca(NO3)2·4H2O, 2 mM MgSO4·7H2O, 50 μM H3BO3, and 10 μM MnCl2·4H2O, incubated in Hoagland solution containing 8 μM CuSO4, 8 μM ZnSO4·7H2O, 0.4 μM Na2MoO4·2H2O, 0.1 mM NaCl, and 90 μM FeNaEDTA. The low concentration sulfur treatment involved replacing 2 mM MgSO4 in Hoagland solution with 2 mM MgCl2, substituting the Mg component. In the low concentration sulfur treatment, the total sulfur concentration was 16 μM due to component substitution. The pH of all solutions was adjusted to 6.5.




2.2. Analysis of Chlorophyll and Carotenoid Content


The contents of chlorophyll a, chlorophyll b, and carotenoids in lettuce were measured using the method of Lichtenthaler and Buschmann (2001) [29]. After adding a solvent of 50 mL of 95% ethanol to 2 g of sample powder (dried material), it was stirred in a dark place using a magnetic bar for 4 h. After filtering the extract using Whatman No.2 filter paper, a spectrophotometer (Shimadzu UV-1800) was used. Absorbance was measured at 664 nm, 649 nm, and 470 nm, assessing the chlorophyll and carotenoid contents through the following formulas.


Chlorophyll a (mg/mL) = 13.36 × O.D664 − 5.19 × O.D649










Chlorophyll b (mg/mL) = 27.43 × O.D649 − 8.12 × O.D664










Total chlorophyll (mg/mL) = Chlorophyll a + Chlorophyll b










Total carotenoid (mg/mL) = (1000 × O.D470 − 2.13 × Chlorophyll a − 97.63 × Chlorophyll b)/209












2.3. Root Morphology


To analyze the morphological change of the roots according to sulfur treatment, sampling was performed three weeks after treatment. After the roots were spread as non-overlapping as possible, analysis was performed through the WinRHIZO Pro (Reagent Instruments, Quebec, Canada) program, and the total root length, root surface area, and root diameter were measured.




2.4. Analysis of Lettuce Metabolites Using LC-MS


Lettuce metabolite profiles were analyzed using LC-MS as previously described [30] with a minor modification. For metabolite extract, lyophilized lettuce samples were ho-mogenized with 50% aqueous methanol containing terfenadine as an internal standard (IS). After centrifugation, the metabolite extracts were analyzed by UPLC-Q-TOF MS (Xevo G2-S; Waters, Milford, MA, USA) with an Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm; Waters). The extract was injected into the column equilibrated with 99% sol-vent A (distilled water containing 0.1% formic acid) and 1% solvent B (acetonitrile con-taining 0.1% formic acid), and eluted with a gradient of solvent B at a flow rate of 0.35 mL/min and column temperature of 40 °C. The eluted metabolites were analyzed using the Q-TOF MS system with negative electrospray ionization (ESI) mode. Desolvation tem-perature and flow rate were set to 400 °C and 800 L/h, respectively. Sample cone and capil-lary voltages were 40 V and 3 kV, respectively, and source temperature was 100 °C. Leu-cine-enkephalin ([M − H] = 554.2615) was used as a lock mass to correct the mass accuracy of the analyzed metabolites.




2.5. Analysis of Lettuce Metabolites Using GC-MS


Lettuce metabolites were analyzed using GC-MS as previously described [30] with a minor modification. The 50% methanol extracts were completely dried, and then the dried sample extracts were dissolved in methoxyamine hydrochloride (70 μL) in 2% pyridine containing dicyclo-hexyl phthalate as an IS at 37 °C for 90 min. The methoxylated samples were mixed with N, O-bis(trimethylsilyl)trifluoroacetamide (70 μL) with 1% trimethylchlorosilane at 70 °C for 30 min. The derivatized samples were injected into a DB-5ms capillary column (30 m × 0.25 mm, 0.25 µm, Agilent Technologies, Santa Clara, CA, USA) of a GC-2010 plus system (Shimadzu Corp., Kyoto, Japan) at a split ratio of 1:50. Helium as a carrier gas was used at a flow rate of 1 mL/min. The injector temperature was 200 °C. The oven temperature was programmed to rise from 70 °C to 150 °C at 5 °C/min, to 210 °C at 3 °C/min, and to 320 °C at 8 °C/min. The eluents were detected using a GCMS-TQ 8030 MS (Shimadzu) at ion source and interface temperatures of 230 °C and 280 °C, respectively.




2.6. Data Processing


The collected data were aligned using retention time and mass, and normalized using the average mass intensity of each IS. The ChemSpider database in UNIFI, METLIN database, and human metabolome databases were used to identify metabolites analyzed using LC-MS, while the GC-MS-based metabolites were identified by retention indices (RIs) calculated using n-alkanes and the GC-MS database (NIST 11 and Wiley 9 mass spectral libraries).




2.7. Statistical Analysis


Multivariate statistical analysis of lettuce metabolite profiles analyzed using LC-MS and GC-MS was performed using SIMCA-P+ version 12.0.1 (Umetrics, Umeå, Sweden), and the differences in the sample groups were visualized using PLS-DA with four parameters (R2X, R2Y, Q2, and p-value) and the permutation test. All data were statistically analyzed by one-way analysis of variance (ANOVA) with Duncan’s test (p < 0.05) using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).





3. Results and Discussion


3.1. Lettuce Fresh Weight and Pigment Contents after Sulfur Treatment


One week after germination, lettuce was planted in an LED spray cultivation system, and was treated with a low concentration (16 μM) and a high concentration (2 mM) of sulfur, respectively. The treatment interval of the culture medium with different sulfur concentrations was set to spray every 20 min for 30 s. After examining the fresh weight of the shoot and root from 3 to 5 weeks after the start of spray cultivation under LED lights, the fresh weight of the lettuce treated with the high sulfur concentration was higher than that of the low concentration treatment, and there was a significant difference in both leaves and roots (Figure 2). To analyze the chlorophyll content of lettuce according to the sulfur treatment, it was extracted with ethanol and measured using a spectrophotometer. The chlorophyll content was significantly higher in lettuce treated with a high concentration of sulfur than in lettuce treated with a low concentration of sulfur (Figure 3A). As a result, only the supply amount of sulfur was controlled under the condition of supplying a constant amount of nitrogen, it is thought that nitrogen was not absorbed smoothly due to the interaction between nitrogen and sulfur. Additionally, due to sulfur deficiency, it is possible that there is a structural problem in the iron-sulfur protein that participates in the chlorophyll production process. There is an interaction between the regulation of sulfur and nitrogen trophic metabolism in plants [12]. Nitrogen supply can increase the efficiency of sulfur uptake in plants by inducing the upregulation of genes responsible for sulfur uptake and assimilation [31]. Additionally, sulfur malnutrition affects the utilization of nitrogen in plants. Sulfur deficiency inhibits nitrate uptake and reduces the activity of nitrate reductase, leading to nitrate accumulation and reduced nitrogen utilization in plants [32]. In addition, the content of carotenoids, a functional substance, was also higher in lettuce treated with a high concentration of sulfur, suggesting that sulfur plays an important role in the functional metabolism of lettuce (Figure 3B).




3.2. Root Morphology


The root is the most important organ in a plant, and it efficiently obtains various nutrients and water from the surrounding environment and secretes organic and inorganic substances [33]. An important parameter for the root system is the root surface area that the root explores. In particular, increasing the length and number of root hairs significantly increases the root surface area, which can greatly affect the plant’s absorption of fixed nutrients [34].



Lettuce treated with a high concentration of sulfur showed larger root length and surface area values than lettuce treated with a low concentration of sulfur (Figure 4A,B). Additionally, as a result of analyzing the root volume, several root tips, and some root forks, higher levels were found in the roots of lettuce treated with a high concentration of sulfur than in the roots of lettuce treated with a low concentration of sulfur (Figure 4D–F). However, there was no significant difference in root diameter between the two treatments (Figure 4C). For the specific morphological analysis of the roots, the root diameter was divided into 0.5 mm units. As a result, the root length, surface area, and volume were high in the high-concentration sulfur-treated group. Therefore, it is thought that sulfur had a positive effect on the root development of lettuce and that it also affected the growth of the above-ground part. After scanning images of lettuce roots, the length of the roots was higher in the treatment of high concentrations of sulfur, and secondary and tertiary roots were more developed (data not shown).




3.3. Metabolomic Analysis and PLS-DA Score Plots


The metabolite profiles of lettuce grown with different sulfur concentrations were analyzed using GC-MS (Figure 5A) and LC-MS (Figure 5B,C), and the MS data were statistically analyzed using multivariate statistical analysis. The PLS-DA score plot showed that the sample groups were significantly distinct from each other with good fitting quality parameters (R2X = 0.56 and R2Y = 1.00), good predictability (Q2 = 0.927), and a p-value of 0.015 (Figure 6). To identify metabolites contributing to the separation on the score plot, the importance in the projection (VIP) and p-values of all metabolites were statistically analyzed. A total of 301 metabolites (including MS fragments) were analyzed via LC-MS and GC-MS from lettuce, of which 171 metabolites had a p-value of <0.05 and a VIP of >1.0. Among these metabolites, 38 metabolites, including 12 amino acids, 6 organic compounds, 10 sugars, 5 lipids, and 5 secondary metabolites were identified by LC-MS (Table 2) and GC-MS (Table 3) as major metabolites contributing to the difference between low- and high-concentration sulfur treated lettuce samples, and their fold changes were calculated (Table 2 and Table 3).




3.4. Relative Abundance of Identified Metabolites and Sulfur Treatment-Related Lettuce Metabolomic Pathway


The levels of most identified lettuce metabolites decreased after the high sulfur concentration treatment, ranging from 2 to 13 times lower than those of the low sulfur concentration treatment, while ornithine, malonic acid, and glutamine were not observed in high sulfur treated lettuce. However, the levels of monosaccharides such as glucose, fructose, galactose, sorbose, glyceric acid, butanoic acid, xylopyranose, Ala, LPG(22:4), and caffeoylquinic acid of high sulfur concentration-treated lettuce were from 2 to 13 times higher than those of the low sulfur concentration-treated one, and Asp was newly generated by high sulfur. Amino acids are known to be important nutrients because of their metabolic functions (primary and secondary). Free amino acids have also been reported with high levels of Glu, Asp, Ser, Val, Ala, Pro, and Gln detected in various vegetable horticultural crops, playing an important role in their taste [35].



High concentrations of sulfur treatment resulted in some changes in free amino acid levels in lettuce; differences in sulfur concentrations negatively or positively affected amino acid levels, as shown in Table 2. Asp, which appears at high levels with the high concentrations of sulfur treatment, is of great nutritional importance in plants because it is involved in the Asp family pathway leading to the biosynthesis of essential amino acids including Lys, Thr, Met, and Ile [36].



Although the role of sulfur in the sensory properties of lettuce is not clear, a certain amount of sulfur nutrients is required for sufficient production [37]. Sulfur deficient conditions affect some regulatory systems of metabolism, such as the catabolism of stored sulfur compounds, and inhibit the synthesis of secondary sulfur metabolites [1,38]. In this way, plants completely rearrange the flow of sulfur metabolism to maintain growth in a low sulfur environment [39]. In plants, primary sulfur metabolism includes the process of sulfur assimilation from sulfate to Cys and the synthesis of Met and glutathione (GSH). Glucosinolate (GSL) metabolism is defined as secondary sulfur metabolism synthesized from Met or Trp [39]. GSH and GSL are the major organic sulfur compounds in plants, and their contents are dramatically reduced under sulfur deficiency conditions. [40,41,42]. In these sulfur-deficient conditions, catabolism genes for GSH and GSL are expressed and function, and the catabolized sulfur is recycled to primary sulfur metabolism [41,43,44]. Sulfur-containing amino acids Met and Cys, do not show significant changes due to their rapid oxidation and instability under sufficient sulfur conditions [22].



Organic acids and water-soluble sugars are important metabolites that influene the taste properties of horticultural crops and affect other sensory properties of fruits and vegetables, including color and aroma [45]. The results of this study showed a synergistic effect on the levels of glucose and fructose for high concentrations conditions of sulfur-treatment, while the levels of sucrose decreased. Glucose is closely related to the perception of sweetness [46].



It has been reported that genes involved in the flavonoid, auxin, and jasmonate biosynthetic pathways are upregulated under sulfur depletion in Arabidopsis thaliana [47]. Secondary metabolites, such as flavonoids, enhance resistance to biological and abiotic stresses in plants [48]. Abdalla et al. (2021) reported the accumulation of flavonoids in green lettuce under sulfur-deficient conditions. Based on the metabolites shown in the results of this study, a lettuce metabolic pathway related to sulfur treatment was proposed (Figure 7). The pathway showed that high sulfur treatment had more of an effect on amino acids and sugar metabolism of lettuce than on secondary metabolism. Therefore, the nutritional content of sulfur in lettuce needs further studies to determine the appropriate application amount for stress resistance, yield, and sensory qualities.





4. Conclusions


Lettuce (Cheongchima variety) was treated with two different sulfur concentrations (16 μM and 2 mM sulfur) in spray hydroponics under LED light, and sulfur deficiency resulted in decreased chlorophyll and carotenoid content. The results showed that the development of the leaf and root of lettuce was adversely affected. In addition, in the metabolite profile, amino acids and monosaccharides, butanoic acid, xylopyranose, aspartic acid, alanine, LPG(22:4), and caffeoylquinic acid were higher in lettuce treated with a high concentration of sulfur than under the condition of sulfur deficiency. Although further studies are needed to evaluate the nutritional quality of lettuce produced with high concentrations of sulfur, this study nevertheless highlights the importance of the sulfur nutrient content of lettuce in physiological and mass-based metabolomic analyses.
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Figure 1. Relative spectral distributions of the red and blue LED light used in this study. 
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Figure 2. Effects of high sulfur treatment on the leaf (A) and root (B) fresh weight of lettuce. The data indicate the means± S.E. (n = 5). Asterisks indicate significant differences. * p value < 0.05; ** p value < 0.01. 
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Figure 3. Changes in chlorophyll (A) and carotenoid (B) content of lettuce leaves were affected by low and high concentration of sulfur treatment in LED spray system for 4 weeks. The data indicate the means ± S.E. (n = 5). Asterisks indicate significant differences. ** p value < 0.01. 
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Figure 4. Changes in the total root length (A), root surface area (B), average root diameter (C), root volume (D), root tips (E), and root forks (F) of lettuce grown in low and high sulfur concentration under LED spray system. Vertical bars represent the standard deviation of the mean (n = 5). Asterisks indicate significant differences. * p value < 0.05. 
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Figure 5. Representative chromatogram of metabolite profiles analyzed by GC-MS (A) and ultra-performance liquid chromatography-quadrupole-time-of-flight mass spectrometry (UPLC-Q-TOF MS) profiles (B,C) of lettuce. The GC-MS chromatogram (A) identified metabolites were 1, alanine; 2, oxalic acid; 3, norleucine; 4, proline; 5, 3-decanethiol; 6, 1-undecanol; 7, glyceric acid; 8, 3-propionyloxytridecane; 9, serine; 10, nonanoic acid; 11, threonine; 12, malic acid; 13, methyltrioxitol; 14, phytanic acid; 15, aspartic acid; 16, 5-oxoproline; 17, butanoic acid; 18, threonic acid; 19, hydroxydiisopropylbenzene; 20, asparagine, 2TMS; 21, ornithine; 22, glutamic acid; 23, tartaric acid; 24, xylose; 25, asparagine, 3TMS; 26, xylitol; 27, malonic acid; 28, glutamic acid; 29, glutamine, TMS; 30, glutamine, 3TMS; 31, citric acid; 32, ketoglutaric acid; 33, quinic acid; 34, fructose; 35, sorbose; 36, glucose; 37, galactose; 38, inositol; 39, turanose; 40, psicopyranose; 41, palmitic acid; 42, myo-inositol; 43, gluconic acid; 44, caffeic acid; 45, methyl galactoside; 46, xylopyranose; 47, phosphoric acid; 48, stearic acid; 49, sucrose; 50, oleyl amide; 51, oleamide; 52, benzenepropanoic acid; 53, raffinose. The UPLC-Q-TOF MS chromatogram (B,C) identified metabolites were 1, citric acid; 2, tryptophan; 3, caffeoylquinic acid; 4, chicoric acid; 5, 6-O-acetylisoquercitrin; 6, cynarine; 7, 1-(7-methoxy-2-oxo-2H-chromen-8-yl)-3-methyl-3-buten-2-yl hydrogen sulfate; 8, lactucopicrin 15-oxalate; 9, aspicilin; 10, nonioside G; 11, pinellic acid; 12, glaucarubin; 13, LPG(22:4); 14, LPC(20:5); 15, pentadecanedioic acid; 16, linolenic acid; and IS, internal standard (terfenadine). 
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Figure 6. Partial least squares discriminant analysis (PLS-DA) score plots of lettuce metabolites using GC-MS and LC-MS. The qualification of the PLS-DA models was evaluated by the goodness of fit measure (R2X and R2Y) and predictive ability (Q2), and cross-validated with a permutation test (n = 200). 
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Figure 7. Schematic of the lettuce metabolic pathway associated with the sulfur treatment. The metabolites analyzed using LC-MS and GC-MS are shown in color. Green indicates increased metabolites, red indicates decreased metabolites, and the open circles indicate no change. 
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Table 1. Summary of the spectral qualities tested for the red and blue light (RB) (µmol·m−2·s −1).
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	Light
	PPFD *
	Blue

(400–499 nm)
	Green

(500–599 nm)
	Red

(600–699 nm)
	Far-Red

(700–799 nm)





	Red and Blue
	232
	70.9 (33.3%)
	3.6 (1.7%)
	119.9 (56.3%)
	13.1 (6.1%)







* PPFD, photosynthetic photon flux density.
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Table 2. Identification of lettuce metabolites contributes to the sample groups’ separation based on the PLS-DA score plot for GC-MS analysis and their fold changes.
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	Metabolites
	RT a (min)
	RI b
	VIP c
	p-Value d
	Fold Change

(vs. Low Sulfur)





	Alanine
	6.36
	1099
	1.07
	3.42 × 10−2
	1.36



	Norleucine
	9.38
	1288
	1.11
	2.34 × 10−2
	−1.68



	Proline
	9.45
	1293
	1.19
	5.20 × 10−3
	−2.66



	Glyceric acid
	9.91
	1323
	1.26
	5.84 × 10−5
	2.83



	Serine
	10.36
	1353
	1.26
	4.42 × 10−5
	−2.47



	Threonine
	10.72
	1376
	1.26
	4.30 × 10−5
	−3.21



	Malic acid
	12.13
	1481
	1.03
	4.86 × 10−2
	−1.05



	Aspartic acid
	12.55
	1514
	1.26
	3.01 × 10−3
	+ e



	5-Oxoproline
	12.59
	1516
	1.27
	2.62 × 10−6
	−11.10



	Butanoic acid
	12.70
	1525
	1.20
	3.89 × 10−3
	4.33



	Ornithine
	13.77
	1609
	1.26
	2.13 × 10−3
	- f



	Glutamic acid
	13.83
	1614
	1.11
	2.13 × 10−2
	−1.28



	Asparagine
	14.43
	1663
	1.26
	8.76 × 10−4
	−5.37



	Malonic acid
	14.76
	1690
	1.27
	2.42 × 10−7
	-



	Glutamine
	15.66
	1767
	1.26
	9.88 × 10−4
	-



	Citric acid
	16.14
	1809
	1.26
	1.69 × 10−5
	−2.97



	Quinic acid
	16.56
	1847
	1.05
	3.98 × 10−2
	−1.32



	Fructose
	16.69
	1860
	1.26
	2.12 × 10−5
	3.92



	Sorbose
	16.79
	1869
	1.26
	1.44 × 10−3
	3.84



	Glucose
	16.97
	1885
	1.20
	4.55 × 10−3
	1.45



	Galactose
	17.18
	1904
	1.25
	1.37 × 10−4
	1.42



	Inositol
	17.59
	1944
	1.26
	1.98 × 10−5
	−1.35



	Myo-inositol
	18.98
	2080
	1.26
	1.08 × 10−4
	−1.37



	Xylopyranose
	19.86
	2171
	1.09
	2.76 × 10−2
	3.09



	Phosphoric acid
	19.95
	2180
	1.15
	1.18 × 10−2
	−1.22



	Sucrose
	23.75
	2620
	1.25
	2.60 × 10−4
	−1.67



	Oleamide
	25.27
	2831
	1.15
	1.17 × 10−2
	−1.74



	Raffinose
	29.45
	2988
	1.27
	1.87 × 10−6
	−12.99







a RT, retention time; b RI, retention index; c VIP, variable importance in the projection; d p-values were analyzed by Duncan’s test; e +, newly generated; f -, uncalculated.
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Table 3. Identification of lettuce metabolites contributes to the sample groups’ separation based on the PLS-DA score plot for UPLC-Q-TOF MS analysis and their fold changes.
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	Compound
	RT a
	Exact Mass (M-H)
	MS Fragments
	VIP b
	p-Value c
	Fold Change

(vs. Low Sulfur)





	Tryptophan
	2.90
	203.0879
	186, 142, 116, 74
	1.46
	1.15 × 10−2
	−1.52



	Caffeoylquinic acid
	3.01
	353.0919
	191, 179, 133
	1.51
	5.23 × 10−3
	1.53



	Chicoric acid
	3.56
	473.0719
	427, 311, 293, 179
	1.58
	2.28 × 10−4
	8.32



	1-(7-Methoxy-2-oxo-2H-chromen-8-yl)-3-methyl-3-buten-2-yl hydrogen sulfate
	3.77
	339.0563
	175, 96
	1.58
	2.42 × 10−4
	2.84



	Lactucopicrin 15-oxalate
	4.33
	481.1132
	409, 257, 151
	1.39
	2.57 × 10−2
	−1.49



	Aspicilin
	4.79
	327.2213
	211, 171
	1.55
	1.67 × 10−3
	−2.59



	Nonioside G
	4.90
	755.3664
	681, 561, 161, 159
	1.49
	7.83 × 10−3
	1.42



	LPG(22:4)
	6.89
	559.3089
	277, 116
	1.52
	2.39 × 10−2
	4.70



	Pentadecanedioic acid
	7.86
	271.1976
	199
	1.56
	1.19 × 10−3
	−1.43



	Linolenic acid
	8.12
	277.2211
	144, 116
	1.58
	3.44 × 10−4
	12.97







a RT, retention time; b VIP, variable importance in the projection; c p-value was analyzed by Duncan’s test. LPC, lysophosphatidylcholine.
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