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Abstract: Cadmium (Cd) is one of the major heavy metal pollutants in the environment and imposes
severe limitations on crop growth and production. Glutathione (GSH) plays an important role in
plant Cd tolerance which is able to scavenge stresses-induced reactive oxygen species (ROS) and is
involved in the biosynthesis of phytochelatins (PCs). Our previous study revealed that Cd stress
affects maize growth, and the GSH treatment could relieve Cd stress in maize seedlings. In this
study, we attempted to characterize the metabolomics changes in maize leaves and roots under Cd
stress and exogenous GSH conditions. We identified 145 and 133 metabolites in the leaves and roots,
respectively. Cd stress decreased the tricarboxylic acid cycle (TCA cycle) metabolism and increased
the amino acid contents in the leaves, while it decreased the amino acid contents, increased the
TCA cycle metabolism, the sugar contents, and shikimic acid metabolism in the roots. On the other
hand, exogenous GSH increased the GSH content, changed the production of metabolites related to
antioxidant systems (such as ascorbic acid-related metabolites and flavonoid-related metabolites),
and alleviated lipid peroxidation, thereby alleviating the toxic effect of Cd stress on maize. These
findings support the idea that GSH alleviates Cd-induced stress in maize and may help to elucidate
the mechanism governing Cd-induced stress and the GSH-driven alleviation effect.

Keywords: cadmium stress; glutathione; metabolome analysis; maize

1. Introduction

Cd has become one of the major heavy metal pollutants in the environment. Generally,
the concentration of Cd is very low in the natural environment. However, various human
activities, such as zinc mining and smelting and the use of fertilizers, pesticides, and
fungicides, lead to increased Cd concentrations in the soil [1–3]. Due to the high mobility
of Cd, it can be absorbed easily by plants and accumulated and transferred through
the food chain, thus threatening human health. As a result that Cd is a non-essential
element in the human body, excessive exposure may lead to cancer, bone damage, lung
dysfunction, and other symptoms [4]. The absorption and accumulation of Cd in plants
cause a series of morphological, physiological, and biochemical changes, and it can also
affect many metabolic processes. Therefore, it is necessary to develop strategies to reduce
Cd accumulation in maize for safe food production.
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Metabolomics can systematically explore the distribution of metabolites in organisms,
help to identify and quantify the metabolites involved in the primary metabolic pathway,
such as sugars, alcohols, amino acids, organic acids, and polyamines, and provide valuable
information about organismal responses to internal and external interference [5]. A pro-
teomic and metabolomic study on Arabidopsis showed that the primary response of the
metabolome to Cd stress was to activate the carbon, nitrogen, and sulfur metabolism, thus
triggering the synthesis of Cd-chelating molecules (phytochelatins, etc.) [6]. Xie et al. [7] an-
alyzed the differences in the metabolites between Cd-resistant and Cd sensitive-genotypes
in Bermuda grass by Gas Chromatography-Mass Spectrometer (GC-MS), and they found
that differences in Cd tolerance could be attributed to different accumulation levels of
amino acids (proline, aspartic acid, alanine, glycine, asparagine, and serine), organic acids
(citric acid, malic acid, and oxalic acid), and sugars (trehalose, fructose, and galactose).
Cd stress affects plant photosynthesis, and oxidative stress seriously affects plant primary
metabolism, which causes plants to obtain more energy from other metabolic pathways
(such as glycolysis, the TCA cycle, etc.) to maintain plant growth and resist the toxic
effects induced by stress [6,8,9]. Therefore, it is necessary to elucidate the physiological
mechanism of maize in response to Cd stress at the metabolic level.

Glutathione (GSH) is a major nonprotein tripeptide thiol in plant cells, and it is in-
volved in cell differentiation, free radical and hydrogen peroxide scavenging, thiol-disulfide
exchange, and phytochelatin synthesis [10–14]. Studies on heavy metal tolerance or metal
hyperaccumulators have shown that the GSH biosynthesis and regeneration enzyme activ-
ities had significant effects on the heavy metal tolerance of plants [15]. Iannelli et al. [16]
showed that high GSH and ASA contents and the APX, CAT, GR, GST, and GPX ac-
tivities were the key reasons for Cd tolerance in Phragmites australis. In addition, GSH-
mediated ROS and Mg metabolism were also reportedly involved in plant heavy metal
tolerance [13,17–20].

In recent years, there have been many reports on the mitigation of the toxic ef-
fects of Cd stress in plants by GSH, but there have been few metabolomics analyses
in maize [10,13,18,19]. Our previous study has been found that exogenous GSH signifi-
cantly alleviated Cd-induced growth inhibition. Hence, in this study, the metabolites of
maize leaves and roots were analyzed by GC-MS to understand the physiological mech-
anism of exogenous glutathione to alleviate cadmium stress at the metabolic level in the
maize seedlings.

2. Results
2.1. Metabolite Analysis

Totally, 150 metabolites were identified by GC-MS. There are 145 and 133 metabolites
in the leaf and root tissues, respectively. To show the effects of Cd stress and exogenous GSH
on the metabolomics of the maize leaves and roots, we calculated the fold change (FC) in the
metabolites from the maize leaves and roots under Cd stress and exogenous GSH conditions.
In roots, compared with the control condition, the contents of 20 metabolites increased and
18 metabolites decreased under Cd treatment, involving glutamic acid, glutathione, maltose,
shikimic acid; 18 metabolites increased and 10 metabolites decreased after exogenous GSH
addition (Figure 1A). Among these metabolites, 5 metabolites increased under Cd stress but
decreased after exogenous GSH addition, 3 metabolites that increased under Cd stress and
exogenous GSH addition, and 4 metabolites that decreased under Cd stress but increased
after exogenous GSH addition (Figure 1B). In the leaves, 24 metabolites increased and
15 metabolites decreased under Cd treatment, and 8 metabolites increased and 3 decreased
after exogenous GSH addition (Figure 1A). Among them, only 1 metabolite in leaves
increased under Cd stress but decreased after exogenous GSH addition, and 7 metabolites
decreased under Cd stress but increased after exogenous GSH was applied (Figure 1C). The
fold changes of all the metabolites are represented by heatmap diagrams (Figure 2). The
results of the cluster analysis showed that the metabolite variation trend was the largest
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among the leaves and roots, and the variation trend in metabolites between Cd stress and
GSH treatment was also quite different.
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Figure 1. The number of different metabolites in the roots and leaves of maize seedlings under exogenous glutathione (GSH)
and cadmium stress conditions. (A) Increased and decreased metabolites in the roots and leaves of maize seedlings under
exogenous GSH and cadmium stress conditions. (B) Venn diagram of increased and decreased metabolites in the roots of
maize under exogenous GSH and cadmium stress conditions. (C) Venn diagram of increased and decreased metabolites
in maize leaves under exogenous GSH and cadmium stress conditions. CdL, Cd treatment vs. control in leaves; CdR, Cd
treatment vs. control in roots; GSHL, exogenous GSH and Cd treatment vs. Cd treatment in leaves; and GSHR, exogenous
GSH and Cd treatment vs. Cd treatment in roots. Cd treatment (5 µM CdCl2), exogenous GSH (30 µM GSH).

2.2. Leaf and Root Metabolite Response to Cd Stress

The heatmap results showed that there were significant differences in the root and
leaf metabolite responses to Cd stress. Compared with the control, 39 and 37 metabolites
were changed under Cd stress in roots and leaves, respectively, and only 4 metabolites
(cherry glycoside degradation product 1, glycine, maltose, and inositol) displayed the
same trend in both roots and leaves. In the leaves, 15 metabolites decreased signifi-
cantly, including sugar and their related metabolites, such as sucrose, D-glucoheptose,
sophorose, 2-deoxyerythritol, and 6-deoxy-D-glucose; TCA cycle-related metabolites, such
L-malic acid, succinic acid, and maleic acid; and other metabolites including glycine, glu-
tamine acid, 4-aminobutyric acid, and iso-inositol (Table 1, Table S1, Figures 1A and 3).
Twenty-four metabolites were significantly increased, including amino acids and their
related metabolites, such as aspartic acid, tyrosine, lysine, and N-acetyl-L-phenylalanine;
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sugars and their related metabolites, such as maltose, 2-anhydro-D-galactose, methyl-β-
D-galactopyranoside, palatinitol, glucose-6-phosphate, 2-deoxy-d-galactose, 2-deoxy-D-
glucose, turanose, glucuronic acid, myo-inositol, and sorbitol; and other metabolites includ-
ing 4-pyridoxic acid, citric acid, arbutin, tartaric acid, piceatannol, and 1-glycerophosphate
(Table 1, Table S1 and Figure 1A). These results suggested that Cd stress decreased the TCA
cycle metabolism and increased the amino acid contents in leaves.
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Table 1. Different metabolites of major metabolic pathways in maize leaves and roots under cadmium treatment and
exogenous GSH conditions.

Heading Metabolites FC (CdL) FC (CdR) FC (GSHL) FC (GSHR)

Sugars

Fructose 1 0.41 1.34 0.39 0.86
Gentiobiose 1 −0.09 −0.75 −0.15 1.27

D-Glucoheptose 1 −1.74 0.23 1.16 1.75
Maltose 1.24 1.02 −0.55 0.05

Sophorose 2 −1.00 −0.23 1.20 0.26
Sucrose −2.23 0.20 1.84 −0.28

Turanose 1 1.31 −0.03 −0.24 −0.22

Alcohols

Myo-inositol 2.37 1.19 −0.53 1.27
Sorbitol 2.38 - −3.01 -

Allo-inositol −1.04 - 1.64 -
Palatinitol 1 1.07 0.12 0.29 0.12

Amino acids

Aspartic acid 1 3.38 −2.54 −0.13 1.56
Aspartic acid 2 1.21 −1.38 −0.16 1.63
β-Alanine 2 0.74 −1.03 −0.66 −0.23

Glutamic acid 0.48 −1.31 0.16 0.19
Glycine 2 −1.85 −1.56 0.21 −0.70

L-Glutamic acid −1.21 - 0.73 0.34
Lysine 1.67 0.40 −0.46 −0.12

Oxamic acid −0.81 −1.91 0.81 0.25
Tyrosine 1 1.40 −2.20 −0.28 −0.36

Glycolysis

3-Phosphoglycerate −0.61 - 1.35 0.06
Fructose-6-phosphate −0.04 0.40 0.38 −0.41

D-(glycerol 1-phosphate) 1.74 0.22 −0.72 0.47
Fructose 2,6-biphosphate degr. prod 0.34 0.63 −0.27 1.71

Glucose-1-phosphate 0.51 1.02 −0.44 −0.54
Glucose-6-phosphate 1 1.13 0.22 0.66 1.72

TCA cycle

α-Ketoglutaric acid −0.78 1.75 0.28 −0.61
Citric acid 1.34 0.59 0.10 −0.15

L-Malic acid −1.49 1.14 1.35 −0.52
Succinic acid −1.24 0.22 0.65 −0.39
Aconitic acid 0.31 3.69 −0.61 −3.30
Maleic acid −1.06 0.16 1.46 0.09

Phenylalanine
metabolism

Shikimic acid 0.24 1.32 −0.43 −0.26
Caffeic acid 0.86 −0.64 −0.76 2.27
Ferulic acid 0.66 1.68 0.05 0.60

Piceatannol 1 2.32 −0.01 0.08 −0.86
Flavanone 1 −0.19 1.49 −0.40 1.66

Fatty acids Linoleic acid 0.74 0.27 −0.15 3.42
Linoleic acid methyl ester 0.90 0.84 −0.74 1.99

Fatty acids Palmitic acid 0.90 −0.77 −0.02 1.65
Stearic acid 0.12 −0.09 −0.23 2.23

Ascorbate
metabolism

Ascorbate −0.89 −0.24 0.54 −2.22
Tartaric acid 2.28 0.14 0.33 −1.07

Threonic acid 0.21 1.00 −0.41 −2.89

FC: Fold changes (Cd vs. control; GSH vs. Cd) for log2N. log2N ≥ 1 are increased, 0 < |log2N| < 1 are unchanged and log2N ≤ −1 are
decreased. CdL, Cd treatment vs. control in leaves; CdR, Cd treatment vs. control in the roots; GSHL, exogenous GSH and Cd treatment vs.
Cd treatment in leaves; and GSHR, exogenous GSH and Cd treatment vs. Cd treatment in roots. Cd treatment (5 µM CdCl2), exogenous
GSH (30 µM GSH).
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Figure 3. Changes in major metabolic pathways of maize roots and leaves under exogenous GSH and cadmium stress
conditions. The solid arrows represent direct metabolic pathway connections, and the dashed arrows indicate that these
metabolites are involved in the metabolic pathway. The changes in the metabolites in maize roots and leaves under
exogenous GSH and cadmium stress conditions are shown in the heatmap, and their order within the heatmap is CdL, CdR,
GSHL, and GSHR. CdL, Cd treatment vs. control in leaves; CdR, Cd treatment vs. control in roots; GSHL, exogenous GSH
and Cd treatment vs. Cd treatment in leaves; and GSHR, exogenous GSH and Cd treatment vs. Cd treatment in roots. Cd
treatment (5 µM CdCl2), exogenous GSH (30 µM GSH).

In the roots, 17 metabolites decreased significantly under Cd stress, including amino
acids and their related metabolites, such as aspartic acid, glutamic acid, glycine, tyrosine,
and β-alanine; and other metabolites including glutathione, 2-methyl fumarate, thymidine,
and glucuronic acid (Table 1, Table S1 and Figure 1A). Twenty metabolites in the roots
of the maize seedlings increased under Cd stress, including sugars and their related
metabolites, such as fructose, maltose, gluconic acid, glucose-1-phosphate, phenyl beta-D-
glucopyranoside, threonic acid, and lyxonic acid-1,4-lactone; TCA cycle-related metabolites
such as α-ketoglutaric acid, malic acid, and aconitic acid; shikimic acid metabolism-related
metabolites such as shikimic acid, flavanone, ferulic acid, and quinic acid, and other
metabolites including myo-inositol, lactic acid, and hydroxyhippuric acid (Table 1, Table S1
and Figure 1A). These results suggested that Cd stress decreased the amino acid contents,
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increased the sugar contents, and increased the TCA cycle metabolism and shikimic acid
metabolism in the maize roots.

2.3. Leaf and Root Metabolite Responses to Exogenous GSH Addition

Twenty-eight and 11 differential metabolites were identified after exogenous GSH
addition in the maize roots and leaves, respectively, compared with the Cd treatment
(Figure 1A), among which only D-glucoheptanose showed a significant increase in both
the roots and leaves. In the leaves, the sorbitol, altrose, and hydroxyhippuric acid contents
decreased significantly under exogenous GSH compared with the Cd treatment, while the
sucrose, d-heptanose, sophorose, 3-phosphoglycerate, malic acid, maleic acid, allo-inositol,
and prunin degr. prod. 1 content increased significantly (Table 1, Table S1). Ten metabolites
decreased in the roots, including aconitic acid, threonic acid, 4-pyridoxic acid, ascorbate,
lyxonic acid-1,4-lactone, 4-hydroxycinnamic acid, and tartaric acid, while 18 metabolites
increased, including sugars and their related metabolites such as fructose-2,6-diphosphate,
glucose-6-phosphate, D-glucoheptose, gentiobiose, glucoheptanic acid, and inositol; fatty
acid-related metabolites such as stearic acid, palmitic acid, linoleic acid, and linoleic acid
methyl ester as well as guanine, aspartic acid, flavanone, caffeic acid, and glutathione
(Table 1, Table S1). Combined with the concentration changes in these different metabolites
under Cd stress, most of the metabolites showed the opposite change trend after exogenous
GSH addition, which could reflect the mitigation effect of exogenous GSH on Cd stress
(Figure 1, Table S1).

3. Discussion

Our previous study has found that exogenous GSH could significantly alleviate the
toxic effect of Cd stress in maize [21]. However, the mechanism of the alleviating effects of
GSH on Cd stress has been largely unknown at the metabolic level. Our study analyzed
the metabolites responses to exogenous GSH under Cd stress. Based on the differential
accumulate metabolites, we proposed a working model to explain how GSH mitigates Cd
toxicity in maize seedlings (Figure 3).

3.1. GSH Alleviated the Inhibition of Cd Stress on TCA Cycle and Sugar Metabolism in Maize

Oxidative stress induced by Cd may directly change the TCA cycle-related metabolites.
It was reported that enzymes containing [Fe-S] clusters, such as aconitase (E.C.4.2.1.3, with
aconitic acid or citric acid as substrates, isocitric acid or aconitic acid as products), fumarate
hydratase (E.C.4.2.1.2, malic acid as substrates and fumaric acid as products), and enzymes
containing thiol groups were particularly sensitive to reactive oxygen species [22,23]. The
accumulation of substrates caused by the inactivation of ROS-modified enzymes may
also be the reason for several increased metabolites in the TCA cycle. We also found that
the malic acid and maleic acid in the leaves increased and the aconitic acid in the roots
decreased after exogenous GSH addition, contrary to their trend under Cd stress (Table 1,
Figure 3), indicating that exogenous GSH may alleviate the inhibition of Cd stress on the
TCA cycle by alleviating oxidative stress.

Cd stress affects plant growth and metabolism, including amino acid and sugar
metabolism. Shahid et al. [24] observed that Cd treatment significantly increased the
concentrations of sucrose, fructose, and glucose in potatoes, and these sugars increased
more under Cd and selenium treatment. The accumulation of soluble sugars in plants helps
to maintain the water status under stress and reduces the adverse effects of ROS [25]. Our
study also found that Cd stress increased the maltose contents in the leaves and increased
the fructose and maltose contents in the roots (Table 1, Table S1 and Figure 3). Compared
with Cd stress, exogenous GSH addition increased the contents of heptanose, sophorose,
and sucrose in the maize leaves, and these sugars decreased under Cd stress (Table 1,
Figure 3), indicating that exogenous GSH alleviated the inhibition of Cd stress on sugar
metabolism in maize.
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3.2. GSH Alleviated the Plant Response to Cd Stress with Osmotic Metabolites

Several studies have suggested that some metabolites that accumulate under stress
can be used as osmotic protectants to stabilize proteins and cell membranes, such as sugars,
amines, amino acids, and polyols [26–28]. Sun et al. [29] found that the alanine, proline,
serine, putrescine, sucrose, 4-aminobutyric acid, inositol, and other metabolite contents
in Arabidopsis thaliana were increased under Cd stress. The accumulation of osmotic
protectants (also called compatible solutes) is considered a common defense mechanism
for plants to cope with stress. These osmotic metabolites have high solubility in cells and
do not inhibit enzyme activity at high concentrations, which have certain protective effects
on proteins and cell membranes [5]. Our study indicated that maltose, inositol, sorbitol,
palatinitol, aspartic acid, lysine, and tyrosine increased in the leaves under Cd stress
(Table 1, Figure 3). Compared with Cd stress, exogenous GSH increased the allo-inositol
content and decreased the sorbitol content in the leaves, while allo-inositol decreased and
sorbitol increased under Cd stress, indicating that GSH alleviated the plant response to Cd
stress with osmotic metabolites.

3.3. Exogenous GSH Increased the Contents of GSH in Roots

As an important component of the plant antioxidant system, glutathione (GSH) plays
a central role in maintaining cellular redox homeostasis. GSH is also a precursor of
phytochelatins, which play a key role in the chelation and tolerance of heavy metals.
A large number of studies have demonstrated the role of GSH in regulating tolerance to
heavy metal or metalloid stress in plants [17,30]. In this study, we found that compared
with Cd stress, exogenous GSH increased the contents of GSH in roots, which may be of
great help to relieve Cd stress.

3.4. Exogenous GSH Increased the Contents of Flavonoids Related Metabolites

Flavonoids have strong antioxidant activity, which can help plants to eliminate reactive
oxygen species [31]. Studies have shown that low Cd concentration induced the production
of phenols and flavonoids in plants [32]. Sun et al. [29] found that under Cd stress, there was
increased erucic acid, an intermediate in the phenylalanine pathway, and the concentration
of isoflavones also increased significantly. Our results indicated that some metabolites in the
phenylalanine metabolism pathway increased under Cd stress, in that paclitaxel increased
in the leaves and shikimic acid, ferulic acid, and flavanone increased in the roots (Table 1,
Figure 3). Plants can resist Cd stress by stimulating metabolic processes involved in the
antioxidant system, such as the synthesis of a large number of metabolites with antioxidant
effects such as flavanone and caffeic acid [33]. The caffeic acid and flavanone contents
increased after GSH addition (Table 1, Figure 3), which suggested that GSH promoted the
plant response to Cd stress may be through the phenylalanine metabolism pathway.

3.5. Exogenous GSH Decreased the Contents of Ascorbate Related Metabolites

Ascorbic acid is also an important part of the plant’s antioxidant system. In this study,
we found that ascorbic acid-related metabolites changed after Cd stress, the tartaric acid
content increased in the leaves, the threonic acid content increased in the roots, and the
oxamic acid content decreased in the roots (Table 1, Figure 3). Moreover, the contents of
ascorbic acid-related metabolites in the roots decreased under exogenous GSH, such as the
contents of ascorbate, threonic acid, and tartaric acid (Table 1, Figure 3), demonstrating that
exogenous GSH may increase the consumption of ascorbic acid, thus alleviated Cd-induced
oxidative stress.

3.6. Exogenous GSH Increased the Contents of Fatty Acids

It is somewhat surprising that fatty acid-related metabolites, such as linoleic acid,
methyl linoleic acid, palmitic acid, and stearic acid, were significantly increased under
exogenous GSH compared with Cd stress (Table 1, Figure 3), while there was no significant
change in the lipid metabolism under Cd stress compared with the control. ROS induced
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by Cd stress cause lipid peroxidation in plants, changes the lipid environment, affects the
membrane lipid fluidity and membrane protein activity, affects the membrane absorption
of nutrients, and then affects plant growth and development [23,34]. Cd toxicity also
affects lipid biochemistry by inhibiting biosynthetic pathways, leading to the reduction of
unsaturated fatty acids [35]. Navarro et al. [36] found that the glyceride-related metabolites
(including glycerophospholipids) decreased in rice under Cd stress, and they believed that
this decrease was related to the decreasing plant growth rate or photosynthetic activity.
These studies led to the conjecture that exogenous GSH may alleviate lipid peroxidation
induced by Cd stress and promote lipid synthesis, including that of saturated and unsat-
urated fatty acids. The reasons for the increase in these fatty acids and their roles in Cd
stress remain to be further explored.

In conclusion, exogenous GSH increased endogenous GSH content and the con-
sumption of ascorbic acid, promoted the synthesis of fatty acids and flavonoids related
metabolites in the roots, and reduced the oxidative stress, thus alleviated the effects in sugar
metabolism, TCA cycle, and other metabolic pathways caused by Cd stress. These findings
revealed the mechanism of exogenous GSH to alleviate Cd stress in maize seedlings at the
metabolic level and may provide a theoretical basis for reducing Cd stress in the production
of maize and other crops.

4. Materials and Methods
4.1. Plant Materials and Plant Growth

Maize seeds (Nongda108) were soaked in 2% H2O2 for 30 min, washed with distilled
water three times, and then soaked in deionized water overnight. The seeds were ger-
minated on germination paper according to our previous study [21]. These seeds were
then put in the plant growth chamber (% ◦C/30 ◦C day/night temperature, 12 h/12 h
light/dark). Five-day-old and uniform seedlings were selected and transplanted into a 5 L
black plastic container containing 4.5 L of basic nutrient solution. The basic nutrient solu-
tion consisted of (in gL−1) KNO3, 101; Ca(NO3)2·4H2O, 236; MgSO4·7H2O, 246; NH4H2PO4
115; H3BO3, 1.85; MnCl2·4H2O, 0.99; (NH4)6Mo7O24·4H2O, 12.36; ZnSO4·7H2O, 1.15;
CuSO4·5H2O, 0.5; and Fe(III)-EDTA, 84.2. The pH of the nutrient solution was adjusted
to 5.8 ± 0.1 with 1 M NaOH or 1 M HCl. The solution was continuously ventilated by
air pumps and renewed every 2 days. 6 days after transplanting, these seedlings were
divided into 3 groups with different treatments, each treatment contained 3 replicates:
control (basal nutrient solution, BNS), Cd (BNS +5 µM CdCl2), and Cd + GSH (BNS + 5 µM
CdCl2 + 30 µM GSH). After 5 days of treatment, the leaves and roots were collected and
immediately frozen in liquid nitrogen and stored in a freezer at −80 ◦C for further analysis.

4.2. Metabolite Extraction

One hundred milligrams of each frozen sample was transferred into 2 mL EP tubes,
and 400 µL of extraction solution (methanol/water = 3:1, V/V) and 20 µL of ribosol
(2 mg/mL) were added to the tube and the mixtures were vortexed for 30 s. A steel
ball was added to the sample tube and the tissue was ground for 4 min at 40 Hz with a
grinder, followed by ultrasonic treatment for 5 min (ice water bath). Next, the sample
tubes were centrifuged at 4 ◦C and 12,000 rpm for 15 min, and 350 µL of supernatant was
collected and dispensed into a 2 mL injection bottle.

4.3. Metabolite Derivatization

The extracts were dried in a vacuum concentrator, 60 µL of methoxyamination hy-
drochloride (20 mg/mL dissolved in pyridine) was added, and the samples were mixed
gently and incubated at 80 ◦C for 30 min. An 80 µL volume of BSTFA (1% TCMs, V/V) was
added to the sample tube and each sample was mixed gently and incubated at 70 ◦C for
120 min.
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4.4. GC-MS Analysis

GC-MS analysis was performed with an Agilent 7890 gas chromatograph system and
Pegasus HT time-of-flight mass spectrometer. The system included a DB-5MS capillary
column coated with 5% diphenyl cross-linked with 95% dimethylpolysiloxane (30 m 250 µm
inner diameter, 0.25 µm film thickness; J&W Scientific, Folsom, CA, USA). One microliter
of the test sample was injected in splitless mode. Helium was used as the carrier gas, the
purge flow rate of the front inlet was 3 mL min−1, and the gas flow rate of the column
was 1 mL min−1. The initial temperature was maintained at 50 ◦C for 1 min, increased
to 300 ◦C at a rate of 10 ◦C min−1, and then maintained at 300 ◦C for 8 min. The front
inlet, transmission line, and ion source temperatures were 280 ◦C, 270 ◦C, and 220 ◦C,
respectively. The energy at electron impact mode was −70 ev. The mass spectrometry
data were obtained in full-scan mode using a m/z range of 50–500 at a scanning rate of
20 spectra/sec after a solvent delay of 460 s. The stability of the system was measured by
tracking the retention time (R.T. (in minutes)) of ribo-alcohol (internal standard).

4.5. Data Analysis

Chroma TOF4.3X software by LECO Corporation and a LECO-Fiehn Rtx5 database
was used to extract the raw peaks, filter and calibrate the baseline data, align the peaks,
analyze the deconvolution, identify the peaks, and integrate the peak area. The retention
time index (RI) was used for peak identification, and the RI tolerance was 5000. The
difference between the metabolites in each group was calculated by finding the ratio of
the mean value and transforming it with log2. We set 1 as the threshold, log2FC ≥ 1
as the content increased, −1 < log2FC < 1 as the content was unchanged, and log2FC
≤ −1 for the decrease. The heatmap was drawn with HemI software (version 1.0, http:
//hemi.biocuckoo.org/) [37]. The metabolic pathway map was drawn with reference to
the KEGG metabolic database (http://www.genome.jp/kegg/).

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-774
7/10/1/105/s1. Table S1. Different metabolites in the leaves and roots of maize seedlings.
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