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Abstract
1H NMR spectroscopy was adopted to determine compositional changes (mainly sugars, organic acids and amino
acids) involved in cold-stored immature soybean grains after exogenous spermine treatment. Significant changes of
sugars, including sucrose, galactose, myo-inositol, glucose and fructose were detected in soybean after spermine
treatment. As for the organic acids related to tricarboxylic acid cycle, the levels of malic and fumaric acids
decreased but the level of citric acid increased. However, no significant changes were observed for amino acids in
spermine-treated soybeans. By using metabolic profile analysis, a difference was observed between the aging of
soybean grains as such and those treated with spermine. This study provides an insight into the accumulation of
metabolites in postharvest immature soybeans after exogenous spermine-treatment.
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Introduction
Immature vegetable soybean (Glycine max L. Merr.) is a
popular food in China, Japan and Korea, due to its favor-
able nutrition, flavor and taste (Young et al. 2000). How-
ever, immature vegetable soybean usually has a high
respiratory rate and its quality declines rapidly after har-
vest. As compared to the intact soybean grains, soybean
pod is more easily to perish when exposed to posthar-
vest storage (Su et al. 2002). Even if soybean is stored in
cold conditions (below 5 °C), they will suffer chilling in-
jury (CI) (Aghdam and Bodbodak 2014). In recent years,
a number of postharvest techniques, including poly-
amine, methyl jasmonate (MeJA) and 1-MCP treatment
(Salvador et al. 2004; Cao et al. 2010; Zhang et al. 2009),

and modified atmosphere packing (MAP) (Alasalvar
et al. 2005) have been used to reduce the CI in order to
prolong the storage period of soybean. Polyamines, such
as spermine, spermidine and putrescine, etc., are low
molecular-weight compounds with several biological ac-
tivities, such as anti-stress, anti-aging and other effects.
Polyamines have been used to improve the cold toler-
ance and extend the shelf life of mango, apricot and
other fruits (Martínez-Romero et al. 2002; Malik and
Singh 2005). In addition, spermine treatment could sig-
nificantly inhibit the water loss, rust spots-forming and
decay of common bean pod (Tian et al. 2013). Our pre-
vious study preliminarily revealed exogenous spermine
treatment could reduce CI in vegetable soybeans. How-
ever, the impact of spermine treatment on the metabolic
compounds (sugars, organic acids, amino acids, etc.) is
still unclear (Song et al. 2018).
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Low temperature can alter the balance between free
radical production and free radical scavenging systems
(Sala 1998). There are both advantages and disadvan-
tages for low-temperature storage. Meanwhile, exogen-
ous chemical treatment usually has synergetic effects
with low-temperature storage, leading to the change and
fluctuation of metabolites (Rudell et al. 2009; Lee et al.
2012). Nowadays, metabonomics have been widely used
to analyze metabolic variations in organic plants. Lee
et al. (2012) investigated the changes in metabolic profile
of apple fruit during controlled atmosphere (CA) storage
under low oxygen atmosphere, and found majority car-
bohydrates and organic acids were not significantly af-
fected, however, the levels of amino acids and volatile
metabolites were significantly affected by 1-MCP treat-
ment. With the help of metabolomics methods, Zhu
et al. (2015) found the stress-related metabolites, such as
D-xylose, D-galactose, ornithine and �-aminobutyric
acid (GABA),increased in the 24-epibrassinolide-treated
citrus fruit, which greatly accelerated the selection of
new sustainable treatment.

Proton nuclear magnetic resonance (1H NMR) spec-
troscopy is one of the most effective techniques for the
analysis and identification of plant samples (Simmler
et al. 2014; Jiang et al. 2015). Sugimoto et al. (2010) in-
vestigated the temporal variation of edamame’s meta-
bolic profiles and sensory characteristics during
transportation and consumption. However, there is no
available data about the effect of exogenous spermine on
the properties of immature vegetable soybeans during
postharvest storage. Therefore, the purpose of this study
is to investigate the effect of exogenous spermine on the
compositional changes (sugars, organic acids and amino
acids) of cold-stored immature vegetable soybeans by
using 1H NMR based metabolomics approach. The in-
formation obtained will reveal the metabolic characteris-
tics of spermine-treated immature soybean.

Materials and methods
Plant materials
Vegetable soybean (Glycine max L. ‘Xindali No.1’) pods
were harvested 45 days after flowering in October 2015
from Luhe Animal Science Base, Jiangsu Academy of
Agricultural Sciences (Nanjing, China) situated at 32.08°
N 118.40° E. Vegetable soybeans of similar size and matur-
ity without physical injury or infection were selected. The
fresh pods were quickly transported to the Institute of
Agro-Products Processing in Jiangsu Academy of Agricul-
tural Sciences and cooled down to 5 °C overnight.

Storage treatment
The homogeneous pods were soaked in appropriate
amount of spermine (1.0 mmol L− 1) (Song et al. 2018) or
distilled water (control) and stirred for 20 min. The ratio

of pod to solution was about 1:2 (w/v). The treated pods
were then transferred to the basket and drained at room
temperature. The soybean pods were then stored in
micro-perforated polyethylene bags at an ambient
temperature of 1 ± 1 °C with a relative humidity of 85–
95% in darkness. Each bag contained 500 g soybean
pods, the bag had a thickness of 0.04 mm, the hole diam-
eter was about 0.5 mm and the micro-perforations spa-
cing of approximately 2 mm. The storage period was up
to 60 days. After 0, 15, 30, 45 and 60 days (15-day inter-
vals), hulled soybean samples were directly frozen in li-
quid nitrogen before being ground to a fine powder. The
samples were then kept at − 80 °C until further deter-
mination of the main metabolites. Each treatment was
replicated five times.

1H NMR analysis
The metabolites in stored immature vegetable soybeans
were analyzed in accordance with the previous method
(Song et al. 2013).

Sample preparation
The crushed material (250 mg) was transferred to a 2-ml
centrifuge tube. 1 mL 50% (v/v) of methanol-water mix-
ture was added to the test tube. The tube was vortexed
for 30 s, and then the probe sonicator was used to sonic-
ate it on ice three times, each time for 4 s. The material
was then low-temperature centrifuged at 12, 200×g for
15 min. The aqueous phase was collected and blew with
nitrogen near the surface for about 40 min. The mixture
was evaporated in a vacuum centrifugal evaporator until
dried. The dried sample was redissolved in 450 �L of 0.1
M phosphate buffer (pH 7.29) and 50 �L Anachro certi-
fied DSS (2, 2-dimethyl-2-silapentane-5-sulphonate)
standard solution. The mixture was then vortexed for
10 s and centrifuged at 12, 200×g for 15 min, the super-
natant was collected and used in 1H-NMR spectroscopy.

1H-NMR spectroscopy
All 1H NMR spectra were obtained at 298 K by a Bruker
AV III-600 NMR spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) equipped with an inverse cryo-
probe operating at a proton NMR frequency of 600.13
MHz. Each sample was scanned 32 times by spectral
width (SW) 12,019.23 Hz, pulse width (PW) 10 �s, and
relaxation delay 1.0 s. The spectra referred to the peak
height of DSS. To measure all the NMR signals, 5 mM
DSS was used as an internal chemical shift standard.

Quantification of the metabolites
The quantification of metabolite concentrations was per-
formed using the Chenomx NMR Suite v.7.5 module
(Chenomx Inc., Edmonton, Canada). DSS was used as
an internal standard for chemical shifts set to 0 ppm and
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as a quantitative reference signal. The quantification was
carried out by comparing the integral of a given refer-
ence signal (DSS-d6) with a signal in a compound library
containing chemical shift and peak multiplicity. The
identifiable metabolites were quantified by matching
them to the Chenomx 600 MHz Library.

Data analysis
Chemometrics was performed using unsupervised prin-
cipal component analysis (PCA) in the R software envir-
onment. The differences of metabolite concentration
were evaluated by Duncan’s multiple-range test with the
SAS 9.1 software (SAS Institute, Cary, NC, USA). The
difference was considered significant at P < 0.05.

Results and discussion
Identification of compounds by 1H-NMR
All the stored immature soybean grains were extracted
with 50% (v/v) methanol-water mixture in order to col-
lect hydrophilic constituents, such as sugars and amino
acids. The chemical metabolites of all the samples were
almost identical. The methanol aqeous extract of fresh
immature soybean was characterized and shown in sup-
plementary Fig. 1. The resonance of these metabolites
was compared to the signals of Chenomx NMR Suite 7.5
database and internal databases measured under the
same conditions. As a result 45 kinds of compounds in-
cluding sugars, organic acids and amino acids were
identified.

Classification of stored immature soybean samples
Immature soybeans were prone to decay in the initial
storage stage regardless of spermine treatment. As re-
ported, spermine could reduce the quality loss as
prolonging storage time (Song et al. 2015). To compare
the composition of metabolites between untreated and
spermine-treated immature soybeans during postharvest
storage, PCA was used to analyze the 1H NMR data set
of the main extracts. Some groups were clearly discrimi-
nated in PC1 and PC2 which accounted for 98.7 and
0.6% of the total variance, respectively (Fig. 1). Groups
SD15 and D15 formed a tight cluster, suggesting they
had identical or closely related metabolite compositions
in these stages. A similar pattern was also observed in
groups SD30 and D30. However, a clear separation was
observed between groups SD60/D60 and SD45/D45.
The heat map of immature soybean samples with differ-
ent storage periods exhibited three major clusters
(Fig. 2).

It is possible to find the metabolites that contributed
most to the separation of distinct clusters using PCA ap-
proach. By observing the corresponding signals in load-
ing scatter plots (Fig. 1), the compounds such as amino
acids (glycine, serine, threonine, and �-alanine), organic

acids (aspartic acid, succinic acid, and galactaric acid)
and myo-inositol were all present at significantly higher
levels (P < 0.05) in stages SD15 and D15 as compared to
stages SD30 and D30. In contrast, stages SD60 and D60
showed significantly lower levels of sugars (P < 0.05) as
compared to stages SD15 and D15. Spermine-treated
groups contained considerably higher levels of sucrose,
malic acid, aspartate and asparagine as compared to the
non-treated groups during the same storage time, and
these metabolites drastically decreased during posthar-
vest when the grain was detached from the plant. Al-
though these compounds appear to characterize the
storage life of immature soybeans, this approach should
be tested in other varieties, as they may be specific to
the immature soybean varieties studied.

Effect of exogenous spermine on metabolite
concentrations of immature soybeans
Sugars
The major sugars detected in immature soybeans during
storage were sucrose, myo-inositol, fructose-6-phosphate
and glucose, whereas fructose, galactaric acid and other
sugars were only present in minor concentrations. In
our previous study, postharvest sucrose metabolism in-
duced by spermine was fully discussed (Song et al.
2015). Glucose and fructose in freshly harvested imma-
ture soybeans accumulated to higher levels as compared
to those required for respiration. Both glucose and fruc-
tose occurred in equal amounts in immature soybeans
during storage, which was caused by invertase activity
that was responsible for decomposing sucrose (Oms-
Oliu et al. 2011). During storage, the sucrose concentra-
tion of soybean was reduced by more than 90%. Sucrose
concentration in spermine-treated immature soybeans
was significant higher than the control group (P < 0.05),
while glucose was not affected by spermine-treatment
and gradually decreased when storage time prolonged.
Meanwhile, fructose concentration in the spermine-
treated immature soybeans was lower than that of the
control group in the early storage stage, implying sperm-
ine inhibited sucrose exhaustion. Regardless of spermine
treatment, as compared with fresh immature soybeans,
the levels of sucrose, fructose and glucose all decreased,
which was related with the inhibition of sucrose hydroly-
sis and the rapid utilization of fructose and glucose as
carbon sources. Under spermine treatment, the hydroly-
sis of sucrose was inhibited, which was benefit to main-
tain the lipid bilayer structure. As a result, glucose acted
as a direct substrate and played an important role in en-
ergy metabolism and oxygen free radical formation
(Mbong et al. 2017).

Sugar phosphates are vital intermediates of central me-
tabolism, but its concentration is commonly constrained
by the high turnover rate (Hasunuma et al. 2009).
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Figure 3 demonstrates the concentration of fructose 6-
phosphate mostly in the spermine-treated immature soy-
beans decreased compared to the fresh soybeans. How-
ever, the catabolism of sugar and sugar phosphates
through the glycolytic process and tricarboxylic acid
cycle (TCA cycle) might increase with the change of res-
piration during postharvest storage, which may be the
main cause of carbon flux in cereals (Egli 1999). In the
early storage stage, the concentration of fructose 6-
phosphate presented an increasing trend. Although
spermine could inhibit the increase of fructose 6-
phosphate, its inhibition ability was very limited espe-
cially at the late storage stage.

Galacturonic acid has been identified as the major cell
wall component associated with ripening. The level of
galacturonic acid increased with the softening of soy-
beans during maturation and ripening, indicating cell
wall complexes destructed. Spermine-treated group had
a significant lower galacturonic acid concentration than
the control group (P < 0.05). Levels of myo-inositol were
higher at the early storage stage than the late storage
stage. Myo-Inositol is a vital precursor responsible for
the biosynthesis of many cell wall polysaccharides.
Spermine-treated group had a significant lower myo-in-
ositol level than the control group after 45-day storage
(P < 0.05).

Fig. 1 Score and loading plots of effect of exogenous spermine on metabolite profiles of cold-stored immature vegetable soybeans
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Amino acids
Composition of amino acids is a key factor reflecting
the flavor (umami taste) and nutritional quality of
soybeans (Snowden et al. 2015). Effect of spermine-
tretment on the composition of amino acids in im-
mature soybeans was not obvious. Only some amino
acids varied, which could be related with storage
time (Fig. 4). Most of the amino acids in immature
soybeans including GABA, arginine, asparagine,
aspartic acid, glutamic acid, �-alanine, isoleucine,
threonine, valine, leucine and serine dramatically in-
creased at the early storage stage, and then de-
creased gradually to a certain extent at the late
storage stage, implying that some protease activities
increased at the initial storage stage. Similar results
were obtained in broccoli and asparagus (Hurst and
Clark 1993; Page et al. 2001). Meanwhile, phenyl-
alanine increased in the whole storage period but
spermine-treatment obviously inhibited the trend es-
pecially at the late storage stage. Spermine-treatment
also inhibited the increase of arginine. Since the

transamination of arginine was weak, the degradation
of amino acids could easily form toxic ammonia
(Hurst and Clark 1993; Winter et al. 2015). The
amino acids (isoleucine, valine and leucine) with
branched chains gradually increased at the early
storage stage and then after 45-day storage. These
amino acids were the main nitrogenous sources for
cell membranes (Platell et al. 2000). Since membrane
damage is the key signal of postharvest senescence,
our result indicated that both low temperature and
spermine-treatment could induce the resistance of
self-aging.

There were no obvious differences in the levels of alanine,
aspartic acid and glutamic acid between spermine-
treatment and the control groups. All the above compo-
nents first increased and then decreased, implying that they
could act as active precursors of other macromolecules.
Glutamic acid was involved in nitrogen metabolism and
TCA circle, and aspartic acid and alanine were both in-
volved in transamination. Glutamine is considered to be a
vital compound of nitrogen transport in plants, thus this

Fig. 2 Heatmap of effect of exogenous spermine on metabolite profiles of cold-stored immature vegetable soybeans. Red colour indicates higher
metabolite concentration than the median of the samples, blue indicates a lower concentration. The metabolites are listed on the right side of
the heat map with metabolite clustering on the left. All samples are listed on the top of the map as well as the sample clustering tree
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pattern was supposed to reflect the need growing with
aging-related processes. On the other hand, glutamic acid is
the most abundant free amino acid during storage. Its con-
tent in immature grains was very low but its levels progres-
sively increased with grain aging.

Betaine, one of amino acid derivatives, usually acts as
the defense product against adverse environmental con-
ditions, is also an important non-toxitic osmotic adjust-
ment in higher plant (Di Martino et al. 2003). In this
study, both betaine and its synthetic substrate-choline
accumulated as induced by spermine-treatment.

Organic acids
Organic acids are important components in immature
soybean, which affect the taste and overall quality. Ten
kinds of organic acids in immature soybeans were de-
tected, and most of them are important TCA intermedi-
ates. Malic acid is the main organic acid, which was
followed by citric acid, fumaric acid, succinic acid, pyru-
vic acid and tartaric acid (Fig. 5). The citric acid cycle in-
volves the biosynthesis of fumaric acid, isocitrate, and
succinic acid, many of which are precursors of amino
acid biosynthesis (Carrari and Fernie 2006). Citric acid
content increased and malic acid content decreased in
cold-stored immature soybeans by spermine-treatment
during the postharvest stage. The reason might be that
the activity of malidase, which decarboxylated l-malic
acid to pyruvate, was inhibited. The inhibited activities
of malate dehydrogenase and citrate synthase led to a
decline in malate and the prior accumulation of citrate.
Fumaric acid, a precursor of malic acid in the citric acid
cycle, decreased after harvest, while succinic acid in-
creased during storage. This may indicate that these me-
tabolites were up-regulated during aging. Although the
general structure of plant TCA pathway is well known,
little is known about its regulation (Fernie et al. 2004).
The glycolysis and TCA cycle are the prevailing carbon
fluxes during soybean aging.

Moreover, the concentrations of 2-hydroxyisobutyric
acid, 2-oxoglutarate, citric acid, fumarate, succinate and
acetic acid in spermine-treated group were higher than
the control group. Nevertheless, no obvious differences
in concentrations of tartaric acid, cis-aconitic acid and
pyruvate were observed between spermine-treatment
and the control groups. Organic acid changed with TCA
due to spermine stress, and the metabolism of organic
acid was affected. By adjusting the content of organic
acids, the cellular homeostasis was restored. In vegetable
soybean, malic acid was the highest among all the or-
ganic acids, malic acid is the intermediate of TCA and
glyoxylate cycle. It could maintain cell osmotic pressure
and charge-balance and was involved in the regulation
of soybean stomatal opening, playing an important role
in the stress adaptation of vegetable soybean. In this
study, spermine-treatment promoted malic acid accumu-
lation in vegetable soybean, which was similar to citric
acid. Under stress conditions of spermine-treatment, the
accumulations of citric acid and succinic acid in soy-
beans indicated TCA inhibited. Acetic acid, 2-
oxoglutarate and succinic acid contents in vegetable soy-
beans were induced by spermine-treatment. Although
lipids were not detected in the study, it was speculated
that increased acid content may be related to lipid me-
tabolism strengthened based on the literature (Thomp-
son et al. 1998). Under stress conditions, the utilization
of acetyl coenzyme A declined, which may be caused by

Fig. 3 Effect of exogenous spermine on the concentration of major
sugars in cold-stored immature vegetable soybeans
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acid accumulation. 2-oxoglutarate is the essential sub-
strate in glutamic acid synthesis pathway, which is also
an important organic acid in ammonia assimilation.
Thus, 2-oxoglutarate accumulation had a positive effect
on the synthesis of glutamate. It might be used as the
substrate for the generation of ATP (Giovannoni 2004).

Conclusions
A metabolic profiling method was developed to describe
the changes in the composition of immature vegetable
soybeans during shelf life. Most compounds can be clus-
tered together showing either increasing (e.g., sucrose,
fructose, GABA, malate and fumarate) or decreasing
(e.g., myo-inositol and galactaric acid) levels in
sepermine-treated soybeans with some compounds be-
ing markedly characterized. Some of the observed
changes may be related to phenomena known to be as-
sociated with grain aging. During cold storage, exogen-
ous spermine effectively inhibited the conversion of
sucrose to fructose and glucose and sugar consumption,
in the meantime, reduced the contents of malic acid and
citric acid, which indicated that spermine treatment

might inhibit internal signal transduction, sugar metab-
olism and TCA rate, to delay the quality deterioration of
immature vegetable soybeans. Exceptionally, no signifi-
cant effects on major free amino acids were observed by
spermine treatment. Metabonomics methods combined
with appropriate multivariate data analysis may be a use-
ful tool for investigating and assessing differences in ed-
ible legume metabolites under different storage
conditions.

Additionally, we can speculate the mechanism of grain
aging activates metabolic pathways which subsequently
influence among others; these activities consume energy
as well as carbon skeleton building block such as amino
acids and organic acids. The overall results of the study
may help in understanding the compositional changes
and the mechanism underlying immature soybeans aging
which later may be beneficial in developing effective
ways to enhance shelf life and quality of grain especially
during postharvest. Furthermore, as the nutritional qual-
ity of grain is closely related to the supply of metabolites
such as sugars, organic acids, amino acids and secondary
metabolites, a better understanding of the metabolite

Fig. 4 Effect of exogenous spermine on the concentration of amino acids in cold-stored immature vegetable soybeans
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