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Abstract

Clarification of the metabolic mechanisms underlying salt stress responses in plants will
allow further optimization of crop breeding and cultivation to obtain high yields in saline-
alkali land. Here, we characterized 68 differential metabolites of cultivated soybean (Glycine
max) and wild soybean (Glycine soja) under neutral-salt and alkali-salt stresses using gas
chromatography-mass spectrometry (GC-MS)-based metabolomics, to reveal the physio-
logical and molecular differences in salt tolerance. According to comparisons of growth
parameters under the two kinds of salt stresses, the level of inhibition in wild soybean was
lower than in cultivated soybean, especially under alkali-salt stress. Moreover, wild soybean
contained significantly higher amounts of phenylalanine, asparagine, citraconic acid, citra-
malic acid, citric acid and a-ketoglutaric acid under neutral-salt stress, and higher amounts
of palmitic acid, lignoceric acid, glucose, citric acid and a-ketoglutaric acid under alkali-salt
stress, than cultivated soybean. Further investigations demonstrated that the ability of wild
soybean to salt tolerance was mainly based on the synthesis of organic and amino acids,
and the more active tricarboxylic acid cycle under neutral-salt stress. In addition, the metab-
olite profiling analysis suggested that the energy generation from B-oxidation, glycolysis
and the citric acid cycle plays important roles under alkali-salt stress. Our results extend the
understanding of mechanisms involved in wild soybean salt tolerance and provide an impor-
tant reference for increasing yields and developing salt-tolerant soybean cultivars.

Introduction

Cultivated soybean (Glycine max) and wild soybean (Glycine soja) both belong to Leguminosae,
Papilionoideae, Glycine, Soja. Cultivated soybean is a very important economic and oil crop,
producing 30% of the world's edible oil and 69% of its dietary protein [1]. However, the adapt-
ability of cultivated soybean to adverse environments, especially those under salt stress, was sig-
nificantly reduced during the process of artificial domestication and cultivation. Additionally,
cultivated soybean is a typical glycophyte [2]. Under salt stress, the plant height and leaf area of
cultivated soybean decreased, the protein content and the quality of the seeds decreased, and
the nitrogen fixation ability was inhibited, thus constraining growth and yield [3, 4]. It is esti-
mated that more than 20% of the world's arable land area was high salt soils [5], and the
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salinization of soil has become a major threat to agricultural production and distribution
worldwide [6]. Additionally, the effects of soil alkalization on crops are more serious than salt
stress [7]. To ensure crop yields in saline soil, it is necessary to improve the salt tolerance of
soybean cultivars.

Wild soybean is a closely related ancestor of cultivated soybean [8]. It is more suitable to
adverse environments than the cultivated soybean, especially under salt stress. Thus, research
on the salt tolerance of wild soybean has been increasingly studied, with an emphasis on the
mechanism behind its salt tolerance. Xue et al. [9] showed that the Na™ level was reduced in the
leaves when wild soybean were exposed to salt stress and increased in the roots to avoid exces-
sive Na" at the photosynthetic sites in leaves, and a high level of the photosynthetic activity was
maintained to resist external salt damage to the plant. Wild soybean has rapid responses, accu-
mulating a higher level of antioxidant enzymes that reduce the serious damage caused by a
large amount of reactive oxygen species (ROS) in plants [10]. Wild soybean could also be
adapted to salt stress through the secondary metabolic pathway of isoflavone [11]. Similarly,
the expression of GsNAC20, a novel NAC transcription gene cloned from wild soybean as an
ideal material for cloning resistance genes by Cai et al. [12], was induced by low temperature,
salt stress and drought, and also had different response patterns in roots and stems. Presently,
the mechanism of salt tolerance in wild soybean was analyzed based on metabolism technol-
ogy, which revealed that wild soybean contained greater amounts of acetylated amino acids,
disaccharides and sugar alcohols than cultivated soybean, but had lower amounts of unsatu-
rated fatty acids, carboxylic acids and monosaccharides [8].

Metabolic phenotype analysis is a neoteric and promising methodology for genomic studies.
Metabolic phenotypes and a direct correlation with genotypes were tested using plant metabo-
lomics under certain conditions [13]. The accumulation of plant metabolites and the secondary
metabolism are not only closely related to plant growth, but are also regulated by other factors
in the environment. Thus, metabolomics reveals the connection between plant and environ-
ment, which is accomplished through a thorough understanding of the relationships among
function, metabolic networks, metabolic regulation, phenotype and plant growth [14, 15]. The
technologies of gas chromatography-mass spectrometry (GC-MS), nuclear magnetic resonance
(NMR) and liquid chromatography-mass spectrometry (LC-MS) have been widely used in the
analysis of the metabolism, allowing for significant progress in metabolomics in plant sciences.
Previous studies revealed metabolic changes under different stresses based on metabolomics in
tobacco [16], barley [17], maize [18], wheat [19], tomato [20], Arabidopsis [21, 22] and other
test materials. They provided new ideas on plant stress physiology, especially the physiological
mechanism of salt tolerance. Currently, there are few studies comparing wild soybean and cul-
tivated soybean [8]. As far as we know, this is the first metabolomics-based report revealing dif-
ferent metabolic responses in wild soybean and cultivated soybean at the same latitude under
neutral- and alkali-salt stresses.

In the present study, we characterized the metabolic changes of wild soybean and cultivated
soybean belonging to Soja as experimental materials under artificial simulations of neutral-salt
and alkali-salt stresses using GC—MS, to analyze the metabolomic changes in two kinds of soja
plants under salt stress. The primary objectives of this work are to investigate differences in
growth and metabolic profiles between wild soybean and cultivated soybean under different
types of salt stress, and to investigate the changes in metabolism plasticity in cultivated soybean
under salt stress through its long-term artificial selection from wild soybean. This study pro-
vides a theoretical basis for the excellent gene mining of wild soybean, the genetic basis for
broadening soybean cultivars and the sustainable production of soybean, and also provides a
quantitative parameter system for the cultivation of soybean. Meanwhile, it also has signifi-
cance as a reference for the study of plant evolution.
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Materials and Methods
Plant materials and sand cultures

In this experiment, we selected cultivated soybean (M, jinong24) and common wild soybean
(W, Huinan06116) at the same latitude in the northeast of China as the experimental materials.
Soybean seeds were kindly provided by the New Crop Breeding Center of Jilin Province,
China. The soybean seedlings were sand cultured. The river sand, cleaned and sieved, was
arranged in 14 cm diameter pots with a bottom hole (2 cm in diameter). Healthy and uniform
M and W seeds were selected, and the clay membranes of the W seeds were cut with a knife in
advance. Then, the seeds were sown in pots, with three seeds of a single strain per pot, and
grown side-by-side in an outdoor area at the Experimental Field of Northeast Normal Univer-
sity, Changchun, Jilin, from May to June of 2015. During this experiment, the temperatures
were 18.5+1.5°C at night and 26+2°C in the day time and the humidity was 60%+5%.

Plant growth conditions and salt stress treatments

After seedling emergence, each pot was watered once with 1x Hoagland nutrient solution
every morning (6:00-7:00 AM). Soybeans were treated when they grew third leaves. Before
treatment, four pots were used to measure the basic biomasses of each genotype of soybean. In
the salt-treated group, the two soybean genotypes were exposed to neutral-salt stress (NaCl
and Na,SO,, at a 1:1 molar ratio, 45 mmol-L™* Na*) and alkali-salt stress (Na,CO; and
NaHCOs, at a 1:1 molar ratio, 45 mmol-L™' Na*). These seedlings were treated with two types
of stress solutions containing 15 mmol-L' Na* for the first two days, and then treated with 30
mmol-L™" Na* for the next two days, to allow seedlings to gradually adapt to the two types of
stress. Finally, W and M were exposed to the two treatments having 45 mmol-L "' Na* for 14
days. In the control group, soybeans were cultivated under normal conditions (1x Hoagland
solution). Additionally, 8 pots were set up as a duplicate experiment, resulting in 56 pots
included the 8 pots used to measure the basic biomass. Data were recorded and images of the
plant's growth status were taken every day. After two weeks, four biological replicates from
each treatment of the soybean genotypes were selected randomly as test materials, and the
third leaf from the top was harvested. Then, samples were immediately frozen in liquid nitro-
gen and stored at -80°C to extract metabolites. The other four biological replicates were used
to measure growth parameters. The values of shoot height, root length, and dry weight (DW)
of shoots and roots were measured according to Shi et al. [23], and the relative growth rates
(RGRs) of shoots and roots were determined according to Kingsbury et al. [24] as follows:
RGR = (In DW; -In DW,) / t; -t;.

Metabolite extraction and metabolite profiling analysis

Approximately 100 mg of each frozen soybean leaf tissue was transferred into 2 ml centrifuge
tubes, then 60 pl of water containing ribitol was added to each tube as an internal standard. The
mixtures were vortexed. Then, 0.3 ml of methanol and 0.1 ml of chloroform were added. After
mixtures were vortexed, a 70 Hz grinding mill system (Jinxin Biotech LTD. Shanghai, China)
was used to grind the samples for 5 min, followed by an incubation at 70°C for 10 min. Subse-
quently, the tubes were centrifuged at 12,000 rpm at 4°C for 10 min. Then, 0.35 ml of supernatant
was decanted into a 2-ml volume screw-top glass tube, and samples were dried in a vacuum con-
centrator at 30°C for 2 h. Afterward, each sample was dissolved in 80 pl of methoxamine hydro-
chloride (20 mg/ml in pyridine) and incubating at 37°C for 2 h. Samples were further derivatized
with N,O-bis (trimethylsilyl)-trifluoroacetamid (BSTFA) containing 1% trimethylchlorosilane
(TMCS) (100 pl) at 70°C for 1 h. When the samples cooled to room temperature, the GC-MS
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analysis was performed using a one-dimensional Agilent 7890 gas chromatograph system cou-
pled with a Pegasus 4D time-of-flight mass spectrometer. A 1 pl aliquot of the analyte was
injected in splitless mode. Helium was used as the carrier gas, the front inlet purge flow was 3
ml-min~"', and the gas flow rate through the column was 1 mL-min~". The initial temperature
was kept at 90°C for 0.25 min, then raised to 180°C at a rate of 10°C-min ™", then raised to 240°C
at a rate of 5°C-min ", and finally to 285°C at a rate of 20°C-min~" for 11.5 min. The injection,
transfer line, and ion source temperatures were 280, 270 and 220°C, respectively. The energy was
-70 eV in electron impact mode. The mass spectrometry data were acquired in full-scan mode
with the m/z range of 20-600 at a rate of 100 spectra per second after a solvent delay of 492s.

Data processing and multivariate data analysis

The data was acquired and pre-processed using the manufacturer’s ChromaTOF software (ver-
sions 2.12, 2.22, 3.34; LECO, St. Joseph, MI, USA) [25]. Metabolites were identified by searching
the commercial EI-MS library, FiehnLib [26]. Afterwards, features with at least an 80% missing
value were removed. In the following, the missing value was filled using a small value that was
half of the minimum positive value in the original data. And then, the data were filtered by inter-
quantile range (IQR). Then, the total mass of the signal integration area was normalized for each
sample. Next, a principal component analysis (PCA), partial least squares discriminant analysis
(PLS-DA), orthogonal partial least squares discriminant analysis (OPLS-DA) and loading plot
were performed by SIMCA-P 13.0 software package (Umetrics, Umea, Sweden) using normal-
ized data. And variable importance values (VIP) were obtained through PLS-DA and OPLS-DA
analyses. In addition, differential metabolites were found using Student’s ¢ test (P<0.05) and VIP
(VIP>1) combined with similarity values greater than 700. Subsequently, a metabolic pathway
was constructed according to KEGG (http://www.genome.jp/kegg/) and a pathway analysis on
the MetaboAnalyst website (www.metaboanalyst.ca/) based on the changes in metabolite concen-
trations compared with those of the respective controls [27].

Results
Growth performance

Differences in growth performances were observed between W and M under neutral-salt and
alkali-salt stresses, containing 45 mmol' Na* for 14 days after the imposition of treatments,
compared with controls (Fig 1). The leaf area and the number of whole plants leaves were
reduced under salt stress (Fig 1). The lengths of roots extended into the sand, and the amounts
of lateral and fibrous roots were negatively affected by salt stress. Additionally, the root color
deepened after salt stress (Fig 1). Compared with the control, regions of the shoots and roots
had obvious changes, including a decrease in shoot height, root length, DW of shoots, DW of
roots, RGR of shoots and RGR of roots, after both types of salt stresses S1 Table. Alkali-salt
stress caused greater decreases in growth parameters in both genotypes compared with neu-
tral-salt stress. In addition, the resistance ability of W to salt stress was greater than M (Fig 1
and S1 Table.

Metabolite profiles

The retention time of W and soybean, as well as controls, under both salt treatments were sta-
ble and reproducible, revealing the dependability of metabolite detection and the metabolomic
analysis. Differential metabolites were discussed by comparing W to M in seedling leaves
responding to neutral- and alkali-salt stresses. A total of 68 compounds (P<0.05, VIP>1 and
similarity value>700), including 12 amino acids, 27 organic acids, 11 carbohydrates and
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Fig 1. The growth performances of the two soybean genotypes under normal and two salt conditions. CK: control treatment, NS: neutral-salt stress,

AS: alkali-salt stress.

doi:10.1371/journal.pone.0159622.g001

polyols, 10 fatty acids and 8 other compounds, were quantified and identified in each polar
extract (S2 Table). Hence, the PCA could directly reflect the development of a visual plot for
the evaluation of the differences and consistencies in the metabolite profiles of W and M on the
basis of the differential metabolites (Fig 2). The PCA showed that there was an obvious separa-
tion in genotypes and treatments. The genotypes, W and M, were clearly separated by PCI,
which explained 19.50% of the variance. PC2 distinguished the samples from the control and
two types of salt treatments, represented 9.24% (Fig 2). Some amino acids, including aspartic
acid, asparagine, phenylalanine, glutamic acid, threonine, valine and tyrosine, were major con-
tributors to PC1, while the contribution of metabolites to PC2 was comprised of some organic
acids and carbohydrates, including fumaric acid, pyruvic acid, threonic acid, ferulic acid, galac-
tonic acid, raffinose, ribose, maltose and glucose (Fig 3 and S3 Table).

Metabolic differences under normal condition

To research the metabolic changes between M and W, we compared the metabolic profile of M
with that of W under normal condition. We focused on the total metabolites identified, and 29
metabolites, including 2 amino acids, 13 organic acids, 4 carbohydrates and polyols, 7 fatty
acids and 3 other compounds, had greater content levels in W than in M (54 Table). In addi-
tion, 39 metabolites, including 10 amino acids, 14 organic acids, 7 carbohydrates and polyols, 3
fatty acids and 5 other compounds, had greater accumulation levels in M more than in W (54
Table). A further comparative analysis indicated the largest difference between the two geno-
types and that the metabolite contents were obviously different between W and M (54 Table).
The metabolite levels that were higher in W than in M consisted of mainly organic acids,
including citric acid, proline, citraconic acid, mucic acid, galactonic acid, fumaric acid, dehy-
droascorbic acid, 4-aminobutyric acid and ferulic acid. The largest difference between W and
M concerned the citric acid content, with W having a higher level, indicating that W may have
a higher citric acid cycle capability and generate more energy. In contrast, M had higher amino
acid and organic acid levels, including lacticacid, oxoproline, citramalic acid, a-ketoglutaric
acid, pyruvic acid, D-glyceric acid, D-glycerol-1-phosphate, succinic acid, L-malic acid, sali-
cylic acid, threonic acid and serine, isoleucine, glutamic acid, alanine, glycine, B-alanine, phe-
nylalanine, valine, threonine and tyrosine, in seedling leaves (54 Table).
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Fig 2. Principal component analysis (PCA) of metabolic profiles in the leaves of W and M under control and 45 mmol.L! neutral-salt and alkali-salt
stress (four biological replicates). W: wild soybean, M: cultivated soybean; CK: control treatment, NS: neutral-salt stress, AS: alkali-salt stress; PC1, the
first principal component; PC2, the second principal component.

doi:10.1371/journal.pone.0159622.9002

Metabolic profiles in response to neutral-salt stress

According to the PCA and the screened differential metabolites, changes in metabolites varied
with different salt treatments and genotypes (Fig 2 and Table 1). For W and M, there were

40 metabolites, including 6 fatty acids, 7 carbohydrates and polyols, 8 organic acids, 10 amino
acids and 9 metabolites associated with glycolysis and TCA, that showed dramatic changes
under neutral-salt stress (Table 1). In the two genotypes, some metabolites responded similarly
under the neutral-salt stress. The contents of fatty acids, including glycerol, linolenic acid,
linoleic acid, stearic acid, palmitic acid and lignoceric acid in W, and glycerol, linoleic acid,
stearic acid and palmitic acid in M, showed decreasing trends. Additionally, the level of some
carbohydrates and polyols, including ribose and xylitol, were reduced under neutral-salt stress
(Table 1). More importantly, the responses to neutral-salt stress in W and M were different.
The accumulation of some organic acids, including threonic acid, citraconic acid, salicylic acid
and citramalic acid, were enhanced in W and reduced in M (Table 1). Moreover, the majority
of the amino acids were accumulated significantly in W. These amino acids included glutamic
acid, tyrosine and isoleucine. In addition, the contents of most of the amino acids in M were
reduced, and glycine, aspartic acid, asparagine and tyrosine were significantly reduced

(Table 1). The contents of glucose, glucose-6-phosphate and fructose 6-phosphate, which are
intermediate metabolites of glycolysis, were reduced in W and increased in M. Although pyru-
vate is the end product of glycolysis, and both accumulate in W and M, the level of accumula-
tion in M is more than in W. Furthermore, citric acid, o-ketoglutarate and L-malic acid which
were intermediates of the TCA cycle associated with glycolysis pathway, accumulated in W,
indicating that the TCA process was increased, which resulted in more energy [17]. However,
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19: glucose. PC1: the first principal component; PC2: the second principal component.

doi:10.1371/journal.pone.0159622.g003

the responses of citric acid, o-ketoglutarate and L-malic acid were inversed in M when induced
by neutral-salt stress (Fig 4 and Table 1). The biosynthetic and degradation routes of differen-
tial metabolites under the neutral-salt stress of W and M seedlings are presented in Fig 4.

Metabolic profiles in response to alkali-salt stress

Based on the metabolic responses of W and M under alkali-salt stress, 43 differential metabo-
lites, including 8 carbohydrates and polyols, 10 organic acids, 11 amino acids, 5 fatty acids, and
9 metabolites associated with glycolysis and TCA, were screened and analyzed (Table 2). Most
of carbohydrates and polyols, including ribose, phytol, xylitol and threitol, had similar
responses and increased in both W and M under alkali-salt stress compared with in the control
(Table 2). In addition, nine organic acids in W and six in M, under alkali-salt stress, increased
compared with the control. The magnitudes of the increases in galactonic acid, threonic acid,
ferulic acid and salicylic acid in W were obviously greater than in M. Furthermore, lactic acid,
citraconic acid and citramalic acid in M, under alkali-salt stress, had lower levels than in the
control (Table 2). Meanwhile, 11 amino acids in W increased under alkali-salt stress, and gly-
cine, valine, threonine, aspartic acid, glutamic acid, phenylalanine and isoleucine increased sig-
nificantly (P<0.05) in W. Most of the amino acids in M, including glycine, threonine, valine,
aspartic acid, phenylalanine, asparagine, tyrosine and B-alanine, also accumulated (Table 2). A
clear difference was observed in metabolite levels between W and M after two weeks of alkali-
salt stress. Stearic acid, pelargonic acid and lignoceric acid accumulated in W under alkali-salt
stress. However, stearic acid, palmitic acid, pelargonic acid and lignoceric acid decreased in M.
The elevation of glucose, fructose-6-phosphate, pyruvic acid, citric acid, o-ketoglutaric acid,
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Table 1. Relative concentrations and fold changes of differential metabolites in the leaves of W and M after 14 days of neutral-salt stress.

Metabolite name Relative concentration Fold changes
w M Iogz(NS/CK)
CK NS CK NS w M
Glycolysis and TCA
glucose 0.71£0.05 0.42+0.03 0.58+0.03 0.62+0.07 -7.39% 0.91
glucose-6-phosphate 0.02+0.00 0.01+0.00 0.01+0.00 0.02+0.00 -4.86* 10.77%
fructose-6-phosphate 0.01+0.00 0.01+0.00 0.01+0.00 0.02+0.00 -4.73*% 8.42*
pyruvic acid 0.10£0.01 0.10£0.01 0.14+0.02 0.18+0.01 0.47 3.39
citric acid 0.99+0.08 2.00+0.14 3.35+0.18 1.150.13 10.20* -15.45%*
a-ketoglutaric acid 0.07+0.01 0.13+0.01 0.10+0.01 0.04+0.00 9.40* -13.29%*
succinic acid 3.69+0.14 3.31+0.15 4.11+£0.13 4.92+0.51 -1.58* 2.60*
fumaric acid 1.6940.11 1.24+0.07 1.360.08 1.6310.20 -4.43* 2.58
L-malic acid 11.19+1.24 13.63+1.14 11.93+0.66 8.60+0.66 2.84* -4.73*
Amino acids
alanine 0.85+0.03 0.72+0.04 1.71+0.19 0.93+0.07 -2.36* -8.75%
glycine 0.09+0.01 0.12+0.01 0.17+0.01 0.12+0.02 3.92% -5.07*
serine 0.07+0.01 0.18+0.02 0.48+0.05 0.30+0.02 13.81% -6.80*
threonine 0.11+0.01 0.15+0.01 0.12+0.01 0.11+0.01 3.74% -1.60
aspartic acid 0.91+0.10 0.73+0.06 0.23+0.01 0.14+0.01 -3.25% -7.42%
glutamic acid 0.03+0.00 0.11+0.01 0.11+0.01 0.05+0.00 19.69%* -11.90*
phenylalanine 0.24+0.03 0.34+0.02 0.32+0.02 0.08+0.01 4.95*% -19.66**
asparagine 0.63+0.07 1.460.12 0.46+0.04 0.11+0.01 12.06* -20.42%*
tyrosine 0.04+0.00 0.10+0.01 0.04+0.00 0.02+0.00 14.05* -8.85%
isoleucine 0.01+0.00 0.04+0.00 0.08+0.01 0.05+0.00 14.60* -7.29%
Carbohydrates and polyols
maltose 0.09+0.01 0.07+0.01 0.18+0.01 0.20+0.01 -3.77 1.68
ribose 1.52+0.17 1.111£0.08 1.4510.08 1.05+£0.08 -4.48*% -4.61*
raffinose 0.02+0.00 0.02+0.00 0.04+0.00 0.05+0.00 -0.49 2.68*
phytol 0.14+0.00 0.12+0.01 0.21+0.00 0.23+0.01 -2.51% 1.27%
xylitol 0.30+0.03 0.29+0.02 0.35+0.02 0.30+0.02 -0.39 -2.06*
sorbitol 0.04+0.00 0.22+0.02 0.10£0.01 0.06+0.01 23.20* -6.82*
threitol 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 6.07* -7.78%
Fatty acids
glycerol 2.89+0.19 2.45+0.25 2.48+0.14 2.45+0.31 -2.34* -0.16
linolenic acid 0.35+0.03 0.17+0.02 0.40+0.04 0.42+0.02 -10.49* 0.73
linoleic acid 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 -8.62* -1.43
stearic acid 0.48+0.05 0.37+0.04 0.57+0.06 0.55+0.03 -3.49* -0.39
palmitic acid 1.4910.11 1.171£0.08 1.4210.16 1.40£0.16 -3.42* -0.17
lignoceric acid 0.02+0.00 0.02+0.00 0.01+0.00 0.02+0.00 -0.86 4.85*%
Organic acids
threonic acid 0.02+0.00 0.02+0.00 0.02+0.00 0.01+0.00 1.81% -5.84*
citraconic acid 0.04+0.00 0.04+0.00 0.02+0.00 0.01+0.00 0.06 -5.46%*
salicylic acid 0.01+0.00 0.02+0.00 0.01+0.00 0.01+0.00 6.85*% -9.60*
2-ketoadipate 0.01+0.00 0.01+0.00 0.01+0.00 0.00+0.00 1.31 -15.39%*
methylmalonic acid 0.56+0.06 0.58+0.05 0.17+0.02 0.12+0.01 0.68 -4.95%
3-cyanoalanine 0.10+0.01 0.26+0.01 0.08+0.00 0.03+0.00 14.07* -12.83*
citramalic acid 0.01+0.00 0.01+0.00 0.02+0.00 0.01+0.00 1.59* -7.41%*
(Continued)
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Table 1. (Continued)

Metabolite name Relative concentration Fold changes
w M log,(NS/CK)
CK NS CK NS w M
D-glyceric acid 0.23+0.02 0.21+0.01 0.32+0.02 0.31+0.04 -0.74 -0.48

The relative content of metabolites are the mean of data from four biological replicates using GC-MS. The fold changes was calculated using the formula
log,(neutrak-salvcontrol) v/5) 65 were presented as the mean +standard deviation of four biological replicates. Relative concentration values and standard
deviation were increased 10 times in each treatment.

* and **indicate significant (P<0.05) and highly significant difference (P<0.01), respectively.

doi:10.1371/journal.pone.0159622.t001

succinic acid, fumaric acid and L-malic acid in W induced by alkali-salt stress indicated that
the processes of glycolysis and TCA are important for controlling alkali-salt stress-associated
energy metabolism. However, the contents of citric acid, a-ketoglutaric acid and succinic acid
were reduced in M, but glucose, glucose-6-phosphate and pyruvic acid were increased, while
the accumulation levels of these metabolites were less than in W (Fig 5 and Table 2). In addi-
tion, the changes and differences in the levels of these metabolites in W and M seedlings under
alkali-salt stress are shown in Fig 5.

Discussion

Plants produce osmotic stress and ion toxicity under salt stress, as well as a series of secondary
effects, such as nutritional deficits and oxidative stress [28], and these stresses severely inhibit plant
growth. In this study, M and W were subjected to neutral-salt and alkali-salt stresses, and the
growth of the two genotypes were inhibited. The colors of the leaves and roots also changed corre-
spondingly. The plant heights and root lengths were significantly decreased, especially in M. The
absolute biomass and growth rate should also be taken into account when evaluating salt tolerance.
The biomass accumulation and relative growth rate showed that the adaptability of W to both types
of salt stress was obviously greater than that of M. At the same time, the degree of inhibition caused
by salt stress on the roots was significantly higher than that on the above-ground plant parts, and
the degree of inhibition under alkali-salt stress was significantly greater than that under neutral-salt
stress. These results were consistent with the findings observed in our pervious study [24].

Plant salt tolerance is a special physiological and biochemical process in the growth and
development of plants under salt stress. At present, the understanding of salt tolerance, includ-
ing osmotic regulation, ion transport and balance, antioxidant protection, and late embryogen-
esis abundant proteins, is still limited [8]. To accommodate the osmotic balance between
cytoplasm and environment, legumes accumulate low-molecular-weight metabolites, termed
compatible solutes, which can contribute to reducing the water potential in the cytoplasm [29].
These compatible solutes include mainly organic acids, amino acids, carbohydrates and polyols
[30]. Organic acid, as an osmotic adjuster of small molecules, plays an important role in the
physiological process of salt resistance, especially under alkali-salt stress [31-33]. In the present
study, most of the organic acids of the differential metabolites accumulated in W under neu-
tral-salt stress, while the levels of organic acids decreased in M. Under the alkali salt stress, the
contents of a majority of organic acids increased in W and M, but the accumulation in W was
dramatically higher than that in M. This further underlines that the regulation of organic acid
metabolism may be closely related to the salt tolerance mechanism of W. Salicylic acid, (SA) as
a plant endogenous signal molecule, can induce or enhance the antioxidant system, remove the
excess ROS in plants, and reduce the level of membrane lipid peroxidation in plant cells, to
improve the metabolic activities of the cells and alleviate inhibition of salt stress on plant
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Table 2. Relative concentrations and fold changes of differential metabolites in the leaves of W and M after 14 days of alkali-salt stress.

Metabolite name

Relative concentration

Fold changes

w M |092(ASICK)
CK AS CK AS w M
Glycolysis and TCA
glucose 0.71+0.05 1.26+0.16 0.58+0.07 0.84+0.08 8.34%* 5.31%
glucose-6-phosphate 0.02+0.00 0.01£0.00 0.01+0.00 0.01+0.00 -2.43 0.33
fructose-6-phosphate 0.01+0.00 0.01+0.00 0.01%0.00 0.01+0.00 0.81 -8.03*
pyruvic acid 0.10+0.01 0.1940.02 0.14+0.01 0.15+0.02 9.06%* 0.72
citric acid 0.99+0.07 2.19+0.27 3.35+0.42 1.48+0.16 11.47% -11.76%
a-ketoglutaric acid 0.07+0.01 0.19£0.01 0.10£0.01 0.10+0.01 15.13* -0.49
succinic acid 3.69+0.46 6.54+0.55 4.1110.41 3.12+0.21 8.26%* -3.95*%
fumaric acid 1.69+0.21 5.16+0.27 1.3610.14 1.87+0.12 16.14%* 4.52%
L-malic acid 11.19+1.12 22.10+1.47 11.93+1.33 16.18+1.62 9.82*%* 4.40*
Amino acids
glycine 0.09+0.01 0.18+0.01 0.17+0.02 0.63+0.04 9.24%* 18.49*
serine 0.07+0.01 0.11+0.01 0.48+0.03 0.04+0.00 7.13%% -37.40%
threonine 0.11+0.01 0.3110.02 0.12+0.01 0.4610.05 14.54%* 18.97**
valine 0.130.01 0.85+0.07 0.15+0.01 1.174£0.12 27.66** 29.94*
aspartic acid 0.91+0.09 1.85+0.12 0.23%0.03 0.36%0.05 10.22%* 6.87%
glutamic acid 0.03+0.00 0.12+0.01 0.11%0.01 0.06x0.01 21.49%* -8.08*
phenylalanine 0.24+0.02 0.79+0.10 0.32+0.02 0.53+0.04 17.28** 7.60*
asparagine 0.63+0.06 0.80+0.05 0.46+0.05 0.47+0.07 3.51 0.39
tyrosine 0.04+0.00 0.77+0.06 0.04+0.01 0.27+0.02 42.95%* 27.55%
isoleucine 0.01+0.00 0.14+0.01 0.08+0.01 0.03+0.00 34.19*%* -13.10*
B-alanine 0.04+0.00 0.05+0.00 0.07+0.01 0.28+0.03 2.44% 20.37**
Carbohydrates and polyols
maltose 0.09+0.01 0.11+0.01 0.18+0.01 0.06+0.01 1.83 -16.66%*
ribose 1.52+0.11 1.95+0.24 1.45+0.09 1.7210.10 3.64* 2.43*
raffinose 0.02+0.00 0.01£0.00 0.04+0.00 0.04+0.00 -13.66* 0.24
levoglucosan 0.01+0.00 0.01£0.00 0.02+0.00 0.01+0.00 8.86* -13.07**
phytol 0.14+0.01 0.2440.02 0.2110.02 0.2610.01 7.72%% 3.60%
xylitol 0.30+0.02 0.42+0.05 0.35+0.02 0.57+0.06 5.07* 7.22%
sorbitol 0.04+0.00 0.02+0.00 0.10+0.01 0.15+0.01 -14.25%* 5.98*
threitol 0.01+0.00 0.03+0.00 0.01+0.00 0.02+0.00 16.97** 6.30*
Fatty acids
stearic acid 0.48+0.03 0.61+0.06 0.57+0.04 0.33+0.02 3.66* -7.75*
palmitic acid 1.49+0.08 1.1610.09 1.4210.11 0.91+0.08 -3.63*%* -6.46**
1-monopalmitin 0.00+0.00 0.01+0.00 0.00+0.00 0.00+0.00 1.88* -0.40
pelargonic acid 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 4.25*% -7.18%*
lignoceric acid 0.02+0.00 0.03+0.00 0.01+0.00 0.01+0.00 5.76%* -6.62*
Organic acids
galactonic acid 0.06+0.00 0.12+0.01 0.04+0.00 0.06x0.01 10.03* 6.38*%*
lactic acid 0.07+0.01 0.11£0.01 0.23+0.02 0.11+0.01 6.68** -10.48*
threonic acid 0.02+0.00 0.12+0.01 0.02+0.00 0.05+0.00 25.90%* 14.36%*
mucic acid 0.02+0.00 0.08+0.01 0.01+0.00 0.08+0.01 17.55%* 26.10**
citraconic acid 0.04+0.00 0.04+0.00 0.02+0.00 0.01+0.00 1.96* -9.76%*
salicylic acid 0.01+0.00 0.07+0.00 0.01+0.00 0.02+0.00 22.63* 3.45%
ferulic acid 0.03+0.00 0.07+0.01 0.03+0.00 0.05+0.00 10.47** 6.11*
(Continued)
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Table 2. (Continued)

Metabolite name Relative concentration Fold changes
w M log,(AS/CK)
CK AS CK AS w M
3-cyanoalanine 0.10+0.01 0.14+0.01 0.08+0.01 0.09+0.01 5.17* 1.85
citramalic acid 0.01+0.00 0.01+0.00 0.02+0.00 0.01+0.00 1.42 -0.31
D-glyceric acid 0.23+0.01 0.19+0.01 0.32+0.03 0.20+0.01 -2.35% -6.78*

The relative contents of metabolites are the mean of data from four biological replicates using GC-MS. The fold changes was calculated using the formula
log,@kali-saleontrol) v/a1,65 were presented as the mean +standard deviation of four biological replicates. Relative concentration values and standard
deviation were increased 10 times in each treatment.

* and **indicate significant (P<0.05) and highly significant difference (P<0.01), respectively.

doi:10.1371/journal.pone.0159622.t002

growth [34-37]. Additionally, it has important physiological functions in the resistance of
plants to salt, drought, low temperature, disease and so on [38,39]. In this study, the SA content
in W, but not in M, was increased under neutral-salt stress. Additionally, SA accumulated in
both kinds of soybean, but the accumulation in W was obviously higher than in M under
alkali-salt stress. Our study confirmed that the accumulation of SA was also an important
mechanisms of salt tolerance in W. Free amino acids are not only the basic unit of protein syn-
thesis, but also have a significant effect on plant resistance to stress [40]. Under neutral-salt
stress, the two genotypes of soybean showed different responses, and the amino acid content,
including glutamic acid, phenylalanine and glycine, was elevated in W, while the content in M
decreased. The results indicated that W could increase the amino acid content to resist the neu-
tral-salt stress. It is worth mentioning that the glutamate pathway is the main source of proline
synthesis in the case of osmotic stress. At the same time, glutamic acid is the precursor of chlo-
rophyll a, and chlorophyll b evolved from chlorophyll [41, 42]. The increase in the glutamic
acid content in plants under salt stress may be related to photosynthesis [43]. In this study, glu-
tamate levels in the leaves of W were increased in both salt stresses, while the glutamic acid
content in M decreased, illustrating the essence of the difference. It is possible to synthesize
more photosynthetic pigments by accumulating glutamic acid to increase the photosynthetic
intensity, thereby, adapting to salt stress. Previous studies indicated that small molecular carbo-
hydrates and polyols are the main osmotic adjustment substances in plants responding to salt
stress [44]. However, in this test, the contents of maltose, raffinose and phytol were reduced,
while the sorbitol content increased, in W, but the changes in the contents were opposite in M
under the neutral-salt stress. Under the alkali-salt stress, the maltose and phytol contents
increased, and the sorbitol and raffinose levels decreased in W. However, the contents of phy-
tol, sorbitol and raffinose increased, while the maltose content was reduced in M. The small
molecular carbohydrates and polyols in both genotypes showed no obvious regular changes,
indicating that small molecular carbohydrates and polyols may not be the main osmotic adjust-
ment substances of soybean resistance to salt stress.

Squalene is a naturally existing unsaturated triterpenoid connected by six isoprenes, and it
has the function of carrying oxygen and antioxidants [45]. Squalene increases oxygen use in tis-
sue cells by promoting metabolism and increases tolerance to hypoxia [46]. In addition, squa-
lene can reduce intracellular ROS levels as shown by Warleta et al. [47] and also improves
superoxide dismutase (SOD) activity. In this study, squalene was accumulated in both W and
M under both kinds of stress, but the accumulation in W was greater than in M. The results
suggest that W accumulated more squalene to remove excess ROS, improving the salt tolerance
ability and, thereby, enhancing salt tolerance.
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The contents of various plant metabolites were changed under salt stress, and some meta-
bolic processes and metabolic pathways also adapted to the external environment. B-oxidation
is the primary manner of fatty acid decomposition, which provides a large amount of energy
needed for life activities, thus playing an important role in plant stress responses [48, 49]. Large
amounts of fatty acids were accumulated in W under alkali-salt stress. This accumulation may
prompt B-oxidation in W, generating large amounts of energy, which reduce the damage
caused by a hostile environment. Whereas, the damage in M is so great under alkali-salt stress
that energy production may suppressed. The contents of linoleic acid, stearic acid and palmitic
acid in the two kinds of soybean under a neutral-salt treatment decreased, which may indicate
that B-oxidation is not the main metabolic pathway in W when under a neutral-salt stress.
Under a neutral-salt stress, the citric acid and a-ketoglutaric acid contents increased in W, and
promoted the production of the TCA cycle. Compared with W, the neutral-salt stress forced M
to reduce the citric acid and o-ketoglutaric acid contents significantly, so that the energy pro-
duction process of TCA slowed down. Meanwhile, glycolysis, which may carry out anaerobic
respiration, increased, resulting in the accumulation of products that produce toxic effects. Gly-
colysis and the TCA cycle were increased in W under alkali-salt stress, released more energy
and accelerate the physiological metabolic reaction against stress. Under alkali-salt stress, the
processes of glycolysis and the TCA cycle in M were similar to those under the neutral-salt
stress. Under the two types of salt stresses, the processes of B-oxidation, glycolysis and the TCA
cycle changed dramatically in W, which was advantageous to surviving in an adverse environ-
ment. This shows that W undergoes less damage in an external salt environment due to a vari-
ety of responses related to physiological metabolic plasticity, resulting in an improved salt
tolerance.

Conclusions

Based on the comparison of growth parameters and metabolic profiles between the two geno-
types under alkali- and neutral-salt stresses, it may be concluded that the adaptability to salt
stress and the salt tolerance mechanisms of W and M are very different. W has a higher content
of compatible solutes, such as organic acids and amino acids, and a more active TCA cycle
than M under neutral-salt stress. Additionally, W could induce the metabolic pathways respon-
sible for energy generation, such as -oxidation, glycolysis and the TCA cycle, to improve the
alkali-salt tolerance over that found in M. Our study revealed that the salt-tolerant mechanisms
in W were based on changes in the metabolic profiles. It has provided an important theoretical
basis for the exploitation and effective use of soybean resources. Moreover, it has also provided
an important reference for the improvement of salt tolerance and yields, as well as for develop-
ing new soybean cultivars.
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