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Abstract

Background
As an important germplasm resource, wild soybean has good tolerance to complex stress environment stress. This study
described the differences of physiological and metabolomic changes between common wild soybean (GS1) and the
barren tolerance wild soybean (GS2) under low nitrogen (LN) stress.

Results
The result showed the barren tolerance wild soybean young leaves can maintain relatively stable chlorophyll content and
increased the contents of Car;Photosynthetic rate and transpiration rate decreased signi�cantly in in the barren tolerance
wild soybean old leaves, but there was no signi�cant change in young leaves; the barren tolerance wild soybean enhanced
the enrichment of bene�cial ion pairs such as zinc, calcium and phosphorus. The metabolism of amino acids and organic
acids in the barren tolerance wild soybean old leaves was vigorous, a large number of bene�cial amino acids such as
GABA, asparagine and proline were enriched, and the metabolites related to TCA cycle were signi�cantly increased.

Conclusion
the barren tolerance wild soybean can ensure the nitrogen supply of young leaves by inhibiting the photosynthetic
response of old leaves; the relatively stable growth of young leaves also bene�ts from the effective transport and reuse of
bene�cial ions from old leaves; More importantly, the enhanced metabolism of speci�c amino acids and organic acids in
GS2 old leaves seemed to play an important role in resisting LN stress. GABA and Asparagine played substantial roles in
N storage, C/N balance, antioxidant defense and act as signaling molecule to help GS2 to resist LN stress. Difference
organic acids in the old leaves of GS2 increased which could improve the utilization rate of N in the soil. In addition, the
strength of fatty acids catabolism and TCA cycle in GS2 old leaves provided energy base for substance transport. The
analysis of physiological and metabolite may provide a new perspective for revealing the importance of substance
transport and reuse in different plant parts to resist abiotic stress.

Introduction
Evaluation and identi�cation of germplasm resources is a basic and vital problem of industrial crop improvement[1].
Compared with cultivars,  crop wild relatives have been challenged in natural environments for thousands of years and are
evolved to withstand various biotic and abiotic stresses [2].  Due to limited or no breeding barriers, crop wild relatives are a
rational choice to improve plant traits.  Wild soybean (Glycine soja) is considered as the progenitor of cultivated soybean
(Glycine max.)[1]. Wild soybean maintains a much higher level of genetic diversity and harbors treasured genetic
resource [3]. In the process of adapting to different natural environment, wild soybean has evolved many ecological types,
such as salt alkali tolerance, drought tolerance, barren tolerance and so on [4]. Fully appreciate and comprehensive
understanding the mechanism of wild soybean resources resisting adverse environment is a subject of both theoretical
and practical signi�cance.

Nitrogen (N) is the most important factor limiting plant growth and development [5]. When plants lack of N, the synthesis
of chlorophyll content in leaves decreases, photosynthesis is weakened, growth and development is slow or stagnant [6].
Legumes seeds protein(dry weight) contain 40% N which led to a large quantities of N accumulation on plant throughout
the growing season[7]. Biological nitrogen �xation (BNF) activity can be limited by a number of environmental conditions,
especially in the seedling stage, it is more vulnerable to nitrogen de�ciency [8]. Crop producers continually applying large
amount of N fertilizer to increase soybean yield. While excessive N fertilization leads to environmental problems and
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adversely affected the sustainable development of agriculture. Therefore, it is very necessary and urgent to improve
soybean LN tolerance through excellent Wild Germplasm resources. In recent years, metabolomics and its correlation with
ion content analyses had been widely used to determine responses to various abiotic stresses, including salinity, drought
and nutritional de�cits [9,10]. Metabolomics lends insight into the deep relationship between metabolites and changes in
plant physiology conditions by combining a range of different analytical technologies and calculation
methods [11]. Under the condition of nutrient de�ciency, plant autophagy system and vacuolar proteinase can decompose
nitrogen related macromolecular substances into amino acids, peptides and urea, and then transport them
to nitrogen demanding organs [12]. During plant leaves senescence, macromolecular compound catabolic increase, while
anabolic processes decrease, and the mobilization and recycling of nutrients from old leaves to sinks, such as young
leaves, especially under the condition of nutritional de�ciency, in Arabidopsis thaliana have made similar reports [13].

In the process of response to abiotic stress, the accumulation of some speci�c metabolites such as sugars, organic acids
and amino acids have been suggested to have biochemical modulation. Amino acids are important metabolites and
carriers of organic nitrogen transport between plant organs [14]. Under stress conditions, Amino acids are subsequently
recycled and allocated for the synthesis of speci�c proteins required under nutrient limitation [15]. Furthermore, during
carbon or nitrogen starvation, proteins are degraded, and the complete oxidation of their amino acids produces the energy
required to fuel the particular needs of stressed leaves. Furthermore, N uptake rates by roots of intact soybean plants is
stimulated by malate, which moves down the phloem and accumulates in the root [16]. Understanding organic acid
metabolism and nitrate uptake and utilization could be an important avenue to understand the survival strategies of
barren tolerance wild soybean. The combined analysis of physiological and metabolite pro�les will provide a new
perspective for revealing the reuse of N between young and old leaves of legumes under the LN condition [17].

To reveal the tolerant strategies in different ecotypes wild soybean to LN stress, the common (GS1) and barren tolerance
(GS2) wild soybean were subjected to LN treatment, and then the physiological and metabolomics changes were
compared between low nitrogen group and control group (CK) in the two soybean ecotypes young and old leaves,
respectively. The analysis of different ages leaves on the plants in order to capture different metabolite changes among
young and old leaves of common wild soybean and LN-tolerant wild soybean to identify differences to survive in LN
stresses. This study tries to reveal the species and characteristics of material metabolism in young and old leaves of wild
soybean during resisted the LN stress. To explore the metabolic mechanism between different ages leaves under the
stress. This study could provide a theoretical basis for evaluation and identi�cation of excellent wild soybean resources
and optimizing cultivated soybean varieties.

Result
2.1 Physiological parameters

Compared with CK, GS1 shoot height decreased more and root length increased less than that of GS2, meanwhile, the
shoot dry weight (DW) and root DW were decreased in both ecotypes under LN stress compared to CK and declined even
more serious in GS1 (Supplementary material 1).Total nitrogen content TN (%) and total carbon content (TC) (%) all
decreased in young leaves of GS1, and that of GS2 young leaves increased. The C/N ratio in GS1 young leaves increased,
but decreased in GS2 young leaves. In the old leaves, TN (%) decreased signi�cantly in both two ecotypes wild soybean (P
< 0.05).), especially in GS1 old leaves. TC (%) decreased in GS1 old leaves and increased in GS2 old leaves. The C/N ratio
increased signi�cantly in GS1old leaves ( P < 0.05), and increased highly signi�cant in GS2 old leaves ( P < 0.01) (Fig 1).

 Compared with CK, PN decreased in both wild soybean young leaves under the LN stress, especially in GS1. gs, Ci/Ca and
E increased under the LN stress in two wild soybean young leaves, compared with CK, especially in GS2 young leaves
which increased signi�cantly ( P < 0.05). Chla, Chlb, Chl(a+b) and Car all decreased in two wild soybeans young leaves,
especially in GS1 young leaves, in which Chl(a+b) decreased signi�cantly ( P < 0.05). In two wild soybean old leaves, PN,
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gs and E all decreased under the LN stress, compared with CK. Compared with CK, Ci/Ca increased signi�cantly in the GS1
and GS2 old leaves under the LN stress, especially in GS2 old leaves ( P < 0.05). Chla, Chlb, Chl(a+b) decreased
signi�cantly in GS1 and GS2 old leaves, especially in GS1 old leaves decreased signi�cantly 37% 47% and 40% ( P < 0.05)
(Fig.2).

2.2 Ionomic response

According to the principal component analysis (PCA) of the  ion contents in the two ecotypes wild soybeans young and old
leaves (Fig.3). The ion contents PCA of young leave, CK and LN groups were clearly separated by the �rst component
(PC1), representing 70.9% of the total variation, and NO3

−, SO4
2−, SO4

2− , Cl-, B3+ and Fe3+ were the major contributors (Fig.
3A, Fig.3B, Supplementary material 2). PC2 distinguished the different ecotypes, which represented 16.9% of the variation,
and NO3

−, Mn2+, Mn2+, H2PO4
− P5+ and Na+ were major contributors to PC2 (Fig. 3A, Fig. 3B, Supplementary material

2). The CK and LN ion contents in old leaves were clearly separated by the �rst component (PC1), representing 58.9% of
the total variation, and NO3

- , Mg2+, Ca2+, Cl-, B3+ and Fe3+ were the major contributors (Fig. 3C, Fig. 3D, Supplementary

material 2). PC2 distinguished GS1 and GS2,  which represented 13.2% of the variation, and H2PO4
−, SO4

2−, C2O4
2−,

Mn2+, Na+ and P5+ were major contributors to PC2 (Fig. 3C, Fig. 3D, Supplementary material 2).

Under the LN stress, compared with CK, NO3
− decreased in two wild soybeans young leaves signi�cantly (P < 0.05),

especially in GS1 young leaves. SO4
2− also had a signi�cantly drop in GS1 and GS2 young leaves (P < 0.05). compared

with CK, Na+ and Ca2+ decreased in GS1 young leaves but increased signi�cantly in GS2 young leaves. Of particular note
was that the signi�cant enrichment of Mn2+ and Zn2+ contents in GS2 young leaves was much higher than that in GS1,
which had a signi�cantly increased trend in GS1 and GS2 young leaves. The contents of B3+, Fe3+, P5+, H2PO4

−and C2O4
2−

increased signi�cantly in GS1 young leaves (P < 0.05) and highly signi�cantly in GS2 young leaves (P < 0.01). In response
to LN stress, NO3

−, Mg2+ and Ca2+decreased in the two wild soybean ecotypes compared with CK. SO4
2−, C2O4

2− and

K+ decreased in GS2 old leaves and increased in GS1 old leaves. Compared with CK, the contents of Cl-, H2PO4
−, Mn2+, B3+,

Fe3+, Zn2+ and P5+ all had an increased trend in two wild soybean old leaves compared with CK, respectively (Table 2).

2.3 Young leaves metabolomics response

The �rst principal component (PC1) explained 84% of the variance, indicating metabolic changes between GS1 and GS2
young leaves (Fig.4). The main metabolites contributing to PC1 were Alanine, 3-Aminoisobutyric acid, Lactulose, Threitol.
The CK and LN stress samples of GS1 and GS2 young leaves were clearly separated by the second principal component
(PC2), which represented 7.1% of the total variation. 3-Hydroxypropionic acid, 2-Hydroxypyridine, Oxalic acid, Maleic acid
were the main factors contributing to PC2 (Fig.4A, Supplementary material 3: Table 3). The third principal component
(PC3) explained 4.1% of the variance and the main contributors were Glucoheptonic acid, Threitol, Maleic acid, Palmitic
acid (Fig.4A, Supplementary material 3: Table 3). Content of a total of 63 metabolites changed signi�cantly under LN
stress relative to CK in young leaves of both ecotypes (Table 3). 

Under the LN stress, compared with CK, the amino acids metabolites relative concentration of Aspartic acid, Alanine
increased signi�cantly in young leaves of both ecotypes. the relative concentration of Asparagine, Valine, decreased
signi�cantly in GS1 young leaves and had no signi�cantly change in GS2 young leaves. the relative concentration of
Isoleucine, L-Homoserine, Proline increased signi�cantly in GS2 young leaves P < 0.05 while decreased in GS1 young
leaves, meanwhile L-Allothreonine and Glycine had a opposed change. The relative concentration of some N
contenting metabolites including GABA (4-Aminobutyric acid), Ethanolamine, Mannosamine, Sphingosine, 3-
Aminoisobutyric acid, 5-Aminovaleric acid, 2-Hydroxypyridine dropped signi�cantly P < 0.05  in GS1 young leaves but had
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no signi�cantly change in GS2 young leaves. Ethanolamine and Sphingosine increased in GS1 young leaves and
decreased in GS2 young leaves signi�cantly P < 0.05.

The organic acids metabolites relative concentration of Pyruvic acid, Glucoheptonic acid, Glycolic acid, Fumaric acid
increased signi�cantly in GS1 young leaves, but decreased signi�cantly in GS1young leaves compared with CK, the
relative concentration of Succinic Acids increased signi�cantly in GS1 young leaves and had no signi�cantly change in
GS2 young leaves compared with CK, under the LN stress. The relative concentration of Gluconic acid, Lactic acid, Maleic
acid, Nicotinic acid, Malonic acid increased in both two ecotypes, especially in GS2 young leaves. The relative
concentration Citramalic acid, Shikimic acid, Methylmalonic acid, 3-Hydroxypropionic acid decreased signi�cantly in both
ecotypes. Compared with CK, the relative concentration of Mucic acid and Galactonic acid decreased signi�cantly in GS1
young leaves and increased in GS2 young leaves. The relative concentration of Itaconic acid, D-Glyceric acid, Oxalic acid
and Threonic acid decreased in GS2 young leaves, but only Itaconic acid and Oxalic acid had the same trend in GS1young
leaves. Caffeic acid and Ferulic acid increased GS1young leaves signi�cantly and decreased in GS2 young leaves.
Salicylic acid decreased in GS1 and GS2 young leaves, especially in GS2 young leaves. The fatty acids metabolites
relative concentration including Stearic acid, Palmitic acid, Linoleic acid and Linolenic acid decreased in GS1 and had an
opposed trend in GS2 young leaves. Linolenic acid decreased in GS1 and GS2 young leaves, especially in GS2 young
leaves (Fig.5). 

2.4 Old leaves metabolomics response

The PC1 explained 67.1% of the variance, indicating old leaves metabolic changes between LN and CK groups. The main
metabolites contributing to PC1 were L-Serine, Alpha-Linolenic acid, D-Arabitol, Threonine and L-Proline. The difference of
GS1 and GS2 old leaves were clearly separated by the PC2, which represented 11.9% of the total variation. Vanillin,
Neohesperidin, L-Aspartic acid, Maleic acid and L-Alanine were the main factors to PC2. Four experimental groups were
well distinguished by PC3 which represented 5.5% (Fig. 4B, Supplementary material 4: Table 4). Vanillin, Benzoic acid,
Glyceric acid, Glucose 6-phosphate and D-Arabitol were the main contributor to PC3. Content of a total of 53 metabolites
changed signi�cantly under LN stress relative to CK in old leaves of both ecotypesincluding17 N containing compunds
and 20 organic acids (Table 4).

The amino acids metabolites relative contents of L-Proline, Glycine, Sarcosine, L-Homoserine and L-Aspartic
acid decreased signi�cantly in GS2 old leaves compared with CK, Under LN conditions, but had an opposed trend in GS2
old leaves, especially the relative contents of L-Proline and L-Aspartic acid. Beta-Alanine Sphingosine and Gamma-
Aminobutyric acid increased in GS2 but decreased in GS2, and it is noteworthy that the relative contents of GABA
decreased in GS2 old leaves and increased signi�cantly in GS2 old leaves. The relative contents of L-Alanine, L-
Asparagine, L-Valine, Cycloleucine, L-Isoleucine, L-Phenylalanine, L-Serine, Threonine and Ethanolamine increased in both
two ecotypes especially in GS2 compared with CK, under the LN stress. 

The relative contents of organic acids metabolites related with glycolysis and TCA path way including beta-D-Fructose 6-
phosphate, Pyruvic acid, Glucose 6-phosphate, Fumaric acid, L-Malic acid and Succinic acid increased in GS1 old leaves
but beta-D-Fructose 6-phosphate and Fumaric acid decreased in GS2 old leaves compared with CK, under the LN stress.
The relative contents of organic acids including L-Lactic acid, Maleic acid, Caffeic acid, Glycolic acid, Galactaric acid,
Benzoic acid and Glyceric acid all increased high signi�cantly in GS2 old leaves but the relative contents of Glycolic acid,
Caffeic acid and Benzoic acid decreased in GS1 compared with CK, under the LN stress compared with CK, under the LN
stress. The relative contents of Itaconic acid decreased in both ecotypes especially in GS1. Shikimic acid relative contents
increased in GS1 old leaves but decreased signi�cantly in GS2 old leaves compared with CK, under the LN stress. The
relative contents of Palmitic acid, Stearic acid, Pelargonic acid and Linoleic acid decreased signi�cantly in GS2 old leaves
but increased in GS1 old leaves compared with CK, under the LN stress. The relative contents of 5-Aminopentanoic acid
and Alpha-Linolenic acid had a opposed trend. The relative contents of Salicylic acid increased in both ecotypes. The
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relative contents of trans-Ferulic acid increased in GS2 old leaves but decreased in GS1 old leaves and the opposed trend
occurreduan1 in Prunin (Fig.5).

Disscussion
The exploitation and utilization of germplasm is an important issue in the �eld of botany. In order to provide an important
theoretical basis for the evaluation of plant resources, it is necessary to explore the excellent characters of wild
soybean [18]. This study had checked the plants for rhizobium formation under the LN condition. The results showed that
the number and weights of nodules in two wild soybean ecotypes seedling had no signi�cant change under CK and LN
condition and share a similar trend between the two ecotypes, which is consistent with the previous studies [19]. N
de�ciency inhibited the growth of two kinds of wild soybean seedlings due to the different adaptability to LN stress, the
biomass of GS2 seedlings decreased more slightly than GS1 seedlings under LN conditions. The physiological and
metabolites regulation of GS2 may played important role.

In this study, plant phenotypes and biomass accumulation further con�rmed the LN stress could retard plant development
and GS2 had a greater LN tolerance. Total carbon and total N data display a worse N de�ciency in GS1 young leaves. N
de�ciency will destroy the chloroplast membrane and reduces the chlorophyll content [19]. Under LN stress, young and old
leaves of GS2 had more slightly decline than GS1 in the photosynthetic pigment content, compare with CK, this helped
GS2 maintain relatively stable assimilation function of photosynthesis in young and old leaves ([18]). The gas exchange
coe�cient increased in the two ecotypes and more signi�cantly in GS2 young leaves, compared with CK. It can be seen
from the results that Pn, gs and E are obviously inhibited, indicating that GS2 slows down the photosynthetic rate in old
leaves to reduce energy and material consumption to maintain relatively stable photosynthetic characteristics and resist
LN stress.

It could be seen from the results that NO3
2- de�ciency in GS1 leaves is more serious than that in GS2 leaves which

indicated that GS2 had more advantages in the process of absorption and storage of N under the LN condition. According
to the result, the contents of SO4

2− decreased high signi�cantly in GS2 old leaves but increased in GS1 old leaves.
Meanwhile it decreased more sharply in GS1 young leaves than that in GS2. It is a component of protein and amino acid
and an essential element in the active center of enzymatic reaction. It also plays a certain role in the process of plant
growth regulation, detoxi�cation, defense and stress resistance. Organic sulfur can be converted into inorganic sulfur
(mainly SO4

2-) by protein hydrolysis, sulfate can be converted into organic sulfur by metabolism, and can be transferred to
young parts for reuse [20]. The results indicated that GS2 transferred most of the sulfate from the senescent leaves to the
tender tissues to alleviate the obstruction of ion imbalance to plant growth. Mineral elements have a great effect on the
improvement of nitrogenase activity in the process of nitrogen reduction and �xation [21]. Previous studies have
suggested that changes in availability of a single element could exert an effect on the uptake and accumulation of other
elements in plants [20,22]. In this study the bene�cial mineral ions were enrichment in GS2 old leaves which could help
GS2 resist imbalance under LN stress [23]. 

According to the results of present study the relative contents of GABA in the young leaves of GS1 decreased signi�cantly
and increased in the young leaves of GS2. The same trend occurred in the old leaves. GABA acts as endogenous signaling
molecule in plant growth and development and rapidly accumulates in plant tissue in response to several abiotic and
biotic stresses [24,25]. Firstly under the LN stress although hydroxyls produced by nitrate reduction decreased , the
frequency of electron carriers in the electron transport chain decreased, resulting in a signi�cant increase in reactive
oxygen species[26]. GABA plays a crucial role in scavenging of ROS generated rapidly due to disruption in intracellular
redox equilibrium and hence signi�cantly mitigates oxidative stress induced damages in plants [27]. Secondary, GABA has
long been considered as an important link in C and N metabolism since GABA shunt pathway competes with the
respiratory chain for SSADH [28,29]. Glutamic acid, the precursor of GABA, is considered to be the main form of nitrogen
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accumulation in the roots of plants. Glutamic acid Under stress environment, plants can make the nitrogen of glutamic
acid �ow into GABA and proline to regulate the metabolism of nitrogen, which is one of the key factors for plants to
respond to external stimuli quickly[30,31]. Under the salt stress, the accumulation of GABA in Arabidopsis led to the
increase of amino acids, the activity of glutamate dehydrogenase and the expression of GAD increased instantaneously,
and then increased the �ux of GABA shunt and other related pathways to regulate C/N balance [32]. Under the stress
circumstances, the GABA shunt may perform an cataplerotic role by providing carbon to the cycle through GABA
catabolism to succinic acid [33]. Moreover, GABA is also a temporary N store compound. Glutamate to GABA conversion is
increased under conditions that inhibit Gln synthesis, reduce protein synthesis, or enhance degradation [34]. Evidence also
indicates that Glu and GABA are produced during protein storage and mobilization as a means of recycling Arg derived N
and C [28]. Thus, the GABA shunt may be of considerable importance in the N economy of plants. Therefore, the
accumulation of GABA in GS2 young and old leaves was highly consistent, it can be inferred that GS2 can regulate C/N
balance, antioxidant and N storage by enriching GABA content to alleviate in stress[35].

Asparagine has a higher N/C ratio than glutamine and can be used as a long-range transport and storage compound,
especially in legumes [36,37]. Under the abiotic stress, the energy supply was insu�cient, GS and Fd-GOGAT were
inhibited, while AS was activated, and N assimilation proceeded towards asparagine metabolism. In this study, the relative
contents of Asparagine increased in both GS1 and GS2 old leaves and decreased in GS1 young leave signi�cantly, which
indicates that N was transported and reused in GS2 but have no signi�cant change in that of GS2 young leaves. Former
study had proved that the increases of Asparagine concentrations suggest that will be easier in rendering N available for
remobilization from the senescing leaves[17]. In this study, the relative content of L−homoserine and isoleucine increased
signi�cantly in young leaves but decreased in old leaves of GS2. These effective transport and utilization of these key
amino acids between young and old leaves provided a relatively stable material basis for protein synthesis in the vigorous
growth parts of GS2.

Organic acid metabolism is of fundamental importance at the cellular level for several biochemical pathways, including
energy production, formation of precursors for amino-acid biosynthesis and at the whole plant level in modulating
adaptation to the environment [38]. organic acids exuded by roots originate from the downward transport of organic acids
in leaves [39]. The present results showed most of the differential organic acid (e.g. L-Lactic acid, Maleic acid, Caffeic
acid, Galactaric acid, Benzoic acid and Glyceric acid) increased signi�cantly in GS2 old leaves but no signi�cant change in
GS1 old leaves. Organic acid metabolism not only provides carbon skeletons during N assimilation but also has potential
roles in osmotic regulation, cation balance, nutrient de�ciency-related coping mechanisms and plant–microbe interactions
at the root–soil interface [40]. organic acids have also been found to stimulate nitrate uptake. Nitrate uptake rates by roots
of intact soybean plants is stimulated by malate, which moves down the phloem and accumulates in the root [41]. Some
plants have specialized roots exude high amounts of organic acids (up to 23% of net photosynthesis), which acidify the
soil and chelate metal ions around the roots, resulting in the mobilization of some micronutrients [42]. In addition, the
relative contents of Palmitic acid, Stearic acid, Pelargonic acid and Linoleic acid decreased signi�cantly in GS2 old leaves
which means that an enhancement of fatty acid catabolism was happened in GS2 old leaves. The degradation of these
organic acids (fatty acids not only provides carbon skeleton for protein synthesis, but also provides su�cient energy base
for N transport from old leaves to young leaves [43].

Urbanczyk et al. found that the contents of 2-oxoglutarate and other TCA cycle intermediates, including citrate, isocitrate,
succinate, fumarate and malate, as key regulators of carbon nitrogen interaction, reduced under LN conditions [44]. In this
study, the results showed that, under LN conditions, most of differential metabolites which related to glycolysis and TCA
pathway had no signi�cant change in GS2 young leaves under the LN stress. But in GS1 young leaves associated with the
�rst stage (Energy consumption) of glycolysis, D-Fructose 6-phosphate and Glucose 6-phosphate, increased signi�cantly
in GS1 young leaves compared with CK, under the LN. The second stage of glycolysis (Generate energy) related organic
metabolites including glyceric acid and pyruvic acid decreased extremely signi�cant in GS1 young leaves [45]. Especially
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in GS2 old leaves, the relative contents of glycolysis related metabolites such as D-Fructose 6-phosphate and Glucose 6-
phosphate decreased in GS2 old leaves and pyruvic acid increased signi�cantly, this process indicated that GS2 old
leaves reduced the energy consumption and strengthen Generating energy[46]. Meantime, the increase of L-Malic acid and
Succinic acid enhanced the TCA in GS2 old leaves. Compared with GS1, the strategies of glycolysis and TCA in GS2
young leaves could save more energy in old leaves and the young leaves would maintain at a relatively stable state under
LN-stress conditions [47].

Conclusions
As an important germplasm resource, wild soybean has good tolerance on stress. Barren tolerance (GS2) wild soybean
has better NUE and can survive in LN environment. The advantage of LN tolerance of wild soybean is mainly attributed to
the metabolic regulation and physiology. The young leaves of GS2 could maintain relatively stable chlorophyll content to
keep the smooth progress of photosynthesis; the transportation of SO4

2− and other bene�cial elements in the old leaves
could alleviate the metabolism disorder of young leaves caused by ion imbalance under LN stress. In addition, GS2 old
leaves the enrichment of speci�c nitrogen-containing compounds such as GABA and Asparagine can play a substantial
role in N storage, C/N balance, antioxidant defense and act as signaling molecule to help wild soybean to resist LN stress.
The increase of the relative content of organic acids in the old leaves of GS2 could improve the utilization rate of N in the
soil. The strength of fatty acids catabolism and TCA cycle in GS2 old leaves provided energy base for substance
transport. The combined analysis of physiological and metabolite may provide a new perspective for revealing the
importance of substance transport and reuse in different plant parts to resist abiotic stress.

Materials And Methods
2.1 Plant materials and growth conditions 

The seeding of common wild soybean (GS1) and barren tolerant wild soybean (GS2) were grown in clean sand and
arranged in 14-cm diameter pots with a bottom hole (2 cm in diameter), with three seeds of a single strain per pot. The
seedlings were grown in an outdoor experimental �eld at Northeast Normal University, Changchun, Jilin. The average
growth temperatures were 18.5 ± 1.5°C and 26 ± 2°C during the night and day, respectively, and the relative humidity was
60 ± 5%. The seedlings were germinated by irrigation with water.

2.2 Stress treatments

GS1 and GS2 were both randomly divided into two groups, with eight pots each: control and LN-treated. Four pots were
used for measuring photosynthetic gas-exchange parameters and ion content, and the remaining four pots for
metabolomics analyses in each group. The LN treatment was initiated when the seedlings’ third leaves had grown. In the
LN-treated group, GS1 and GS2 seeds were placed in 1/4-strength modi�ed Hoagland’s solution. Calcium and potassium
were supplied by CaCl2·2H2O and KCl, respectively, at equivalent concentrations in the LN Hoagland’s solution for two
weeks. The CK was cultivated under normal conditions (1× Hoagland’s solution). 

2.3 Measurements of photosynthetic gas-exchange parameters and ion contents

Two weeks after the stress treatment, the photosynthetic gas-exchange parameters were determined using the old and
young leaves in four pots receiving the same treatment. Similar growth characteristics were selected for the determination
of the experimental parameters, and the determinations were performed three times. The gas-exchange parameters PN, E,

gs and Ci were measured at a photosynthetic radiation of 1200 ± 50 µmol C−2 s−1 using a LI-6400 portable photosynthesis
apparatus (LI-COR, Lincoln, NE, USA) with an open system. Brie�y, 0.05g dry samples were treated with 4 mL of deionized
water at 100°C for 40 min, and then centrifuged at 3,000 ×g for 15 min. The supernatant was collected, and the process
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repeated twice until extracts reached 15 ml. The combined supernatants were used to determine anion concentrations by
ion chromatography (DX-300 ion chromatographic system, AS4A-SC chromatographic column, CDM-II electrical
conductivity detector, mobile phase: Na2CO3/NaHCO3=1.7/1.8 mM, Dionex, Sunnyvale, CA, USA). The cation
concentrations were determined using an atomic absorption spectrophotometer (Super 990F, Beijing Purkinje General
Instrument Co. Ltd., Beijing, China).

2.4 Metabolite pro�ling analysis 

For the metabolite pro�ling analysis, metabolites were independently extracted from GS1 and GS2 young and old leaves
(100 ± 5 mg of plant material), and a GC–MS analysis was performed using a one-dimensional Agilent 7890 gas
chromatography system coupled with a Pegasus HT time-of-�ight mass spectrometer. The data was acquired and pre-
processed using the manufacturer’s ChromaTOF software (versions 2.12, 2.22, 3.34, LECO, St. Joseph, MI, USA). Data
analysis was performed using SIMCA-P 13.0 software package (Umetrics, Umea, Sweden).

Abbreviations
GABA: γ aminobutyric acid, AS: asparagine synthetase, GS: glutamine synthetase, Fd-GOGAT: ferredoxin-dependent
glutamate synthase, G-6-P: Glucose-6-phosphate, F-6-P: Fructose-6-phosphate, PEP: Phosphoenolpyruvate,3-PGA: 3-
phosphoglycerate phosphatase.
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Tables
Table 1 Carbon and nitrogen contents in young and old leaves of two wild soybean varieties under LN stress

    GS1 GS2 Fold changes Log2
(LN/CK)

    CK LN CK LN GS1 GS2

YL TN % 5.62 ±0.16 5.13 ±0.25 5.66 ±0.16 6.16±0.02 -0.13 0.12

TC % 40.61 ±1.19 38.63 ±1.79 40.44 ±1.36 43.27±0.07 -0.07 0.10

C/N 7.23 ±0.03 7.54 ±0.03 7.14 ±0.04 7.03±0.02 0.06 -0.02

OL TN % 5.01 ±0.05 3.94 ±0.14 4.77 ±0.07 4.38±0.05 -0.35* -0.13*

TC % 40.36 ±0.06 37.80 ±0.85 40.26 ±1.24 41.55±0.18 -0.1 0.05

C/N 8.06 ±0.08 9.60 ±0.14 8.43 ±0.14 9.5±0.09 0.25* 0.17*

Values were presented as the mean ± standard error of four biological replicates.  GS1, common wild soybean, W, LN-
tolerant wild soybean, CK, control treatment, LN, low nitrogen stress, YL, young leaves, OL, old leaves, C/N,
Carbon/Nitrogen, * indicate signi�cant (P < 0.05)
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Table 2 Ion contents in young and old leaves of two wild soybean ecotypes under LN stress
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    GS1 GS2 Fold changes
Log2

(LN/CK)

    CK LN CK LN GS1 GS2

Young
leaves

Cl- 2.39±0.11 4.47±0.07 2.27±0.17 4.93±0.20 0.90 1.12**

NO3
− 2.26±0.11 1.40±0.01 3.5±0.05 2.48±0.04 −0.69** -0.50**

H2PO4
− 18.57±0.0.26 31.96±0.97 19.72± 23.35±0.31 0.78* 0.24**

SO4
2− 26.11±0.20 23.59±0.70 31.5±0.94 25.85±2.23 −0.15* -0.29**

C2O4
2− 1.03±0.06 1.72±0.02 1.58±0.04 1.69±0.08 0.74* 0.10**

Mn2+ 0.09±0.00 0.13±0.00 0.11±0.00 0.20±0.01 0.59* 0.84**

B3+ 0.35±0.01 1.62±0.00 0.53±0.01 1.87±0.07 2.22* 1.81**

Fe3+ 0.05±0.00 0.12±0.00 0.06±0.00 0.13±0.01 1.17* 1.07**

Zn2+ 0.14±0.01 0.24±0.00 0.17±0.01 0.35±0.01 0.78 1.06**

Na+ 2.15±0.15 2.05±0.05 1.64±0.08 2.08±0.15 −0.07 0.34*

Mg2+ 28.30±0.79 26.48±0.13 30.14±0.28 29.57±0.92 −0.10 -0.03

Ca2+ 14.61±0.41 14.00±0.05 13.44±0.07 14.97±0.41 −0.06 0.16*

K+ 191.66±5.18 169.57±0.30 167.2±1.48 174.03±5.27 −0.18* 0.06

P5+ 41.81±0.68 57.06±0.13 38.35±0.02 48.56±1.44 0.45** 0.34**

Old leaves Cl- 2.49±0.18 7.77±0.24 1.83±0.08 7.92±0.21 1.64 2.12**

NO3
− 3.96±0.04 0.92±0.04 4.24±0.05 1.24±0.04 −2.10** -1.77**

H2PO4
− 20.58±0.05 46.04±0.66 16.1±0.45 25.01±0.18 1.16** 0.64**

SO4
2− 2.16±0.12 2.79±0.11 55.39±1.34 28.07±0.30 0.37** -0.98**

C2O4
2− 1.33±0.00 1.34±0.04 1.26±0.08 1.14±0.05 0.01 -0.13

Mn2+ 0.12±0.02 0.16±0.04 0.22±0.03 0.3±0.01 0.46 0.43*

B3+ 1.09±0.03 4.86±0.05 1.18±0.13 4.94±0.16 2.16** 2.07**

Fe3+ 0.04±0.00 0.09±0.00 0.06±0.01 0.09±0.01 0.98** 0.68*

Zn2+ 0.09±0.00 0.35±0.00 0.11±0.01 0.29±0.01 1.96 1.35**

Na+ 1.01±0.04 1.82±0.06 1.76±0.11 2.76±0.08 0.85** 0.65**

Mg2+ 46.40±0.01 33.28±0.06 60.62±7.75 42.48±1.55 −0.48** -0.51

Ca2+ 48.96±0.14 31.32±0.07 58.76±7.66 38.89±0.69 −0.64** -0.60*
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K+ 163.44±0.07 172.59±0.70 166.64±17.11 141.27±3.60 0.08** -0.24

P5+ 32.87±0.12 70.81±0.04 26.61±3.01 43.66±0.99 1.11** 0.71**

Values were presented as the mean ± standard error of four biological replicates. GS1, common soybean, GS2, barren
tolerant wild soybean, CK, control treatment, LN, low−N stress. * and ** indicate signi�cant (P < 0.05) and highly
signi�cant (P < 0.01) differences, respectively.

 

Table 3 Changes of LN stress on metabolite content in young leaves of two wild soybean ecotypes.
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  Metabolite name Relative concentration Fold changes

Log2(LN/CK)GS1 GS2

CK LN CK LN GS1 GS2

Amino acids

 

Valine 0.62±0.04 0.54±0.05 8.16±0.95 7.05±0.29 −0.19** -0.21

Isoleucine 0.39±0.01 0.11±0.00 1.49± 0.28 2.76±0.20 −1.83** 0.89*

Aspartic acid 5.30±0.06 9.35±0.01 7.60±0.51 11.39±0.34 0.82** 0.58**

Asparagine 2.58±0.67 0.60±0.76 0.11±0.05 0.09±0.01 −2.09** -0.38

L-Homoserine 0.22±0.00 0.08±0.00 0.18± 0.06 0.99±0.03 −1.56 2.45**

L-Allothreonine 1.77±0.03 1.82±0.04 2.44±0.15 0.81±0.09 0.04 -1.58**

Serine 0.19±0.13 0.16±0.25 0.90±0.14 0.68±0.07 −0.27 0.41

Proline 0.27±0.00 0.21±0.02 0.22±0.02 0.50±0.03 −0.40* 1.21**

Alanine 0.06±0.04 0.07±0.03 5.05±0.36 24.78±0.75 0.35 2.29**

Glycine 28.26±0.02 50.61±0.04 6.69±0.57 4.58±0.27 0.84* -0.54*

Phenylalanine 11.31±0.07 10.73±0.02 1.89±0.28 0.69±0.13 −0.08 -1.45*

4-Aminobutyric
acid

0.52±0.01 0.32±0.03 2.37±0.12 2.73±0.28 −0.70* 0.21

Ethanolamine 55.44±0.02 86.12±0.04 15.31±0.55 8.50±0.35 0.64* -0.85**

D-Mannosamine 11.32±0.00 7.19±0.01 0.06±0.05 0.08±0.01 −0.65 0.25

Sphingosine 1.76±0.30 2.34±0.34 3.08±0.32 2.85±0.54 0.41 -0.11

3-
Aminoisobutyric
acid

0.41±0.02 0.23±0.03 0.24±0.02 0.25±0.02 -0.85 0.08

5-Aminovaleric
acid

4.59±0.14 0.80±0.09 0.29±0.07 0.62±0.08 -2.53 1.07*

2-
Hydroxypyridine

0.07±0.00 0.01±0.00 7.20±0.62 7.58±0.25 -2.32 0.07

Sugars and
polyols

 

Sucrose 0.08±0.07 0.07±0.00 1.30±0.17 5.28±0.44 −0.10 2.02**

Maltose 0.33±0.01 0.28±0.02 0.30±0.04 1.48±0.14 −0.21 2.33**

Maltotriose 0.93±0.02 0.96±0.03 0.09±0.01 0.05±0.03 0.04 -0.73

Melezitose 28.10±0.38 20.39±0.02 0.06±0.01 1.29±0.25 −0.46 4.55**

Threitol 2.57±0.20 1.72±0.08 0.29±0.01 1.17±0.16 −0.58 2.04**

Galactinol 0.71±0.01 0.52±0.02 0.92±0.09 1.03±0.03 −0.47 0.16

Glycerol 1.91±0.28 1.56±0.27 8.33±0.27 6.66±0.82 −0.29 -0.32

Myo-Inositol 0.31±0.02 0.22±0.03 43.71±0.55 2.15± 0.33 −0.48 -4.35**

L-Threose 54.13±0.01 60.66±0.16 0.08±0.01 0.02±0.01 0.16 -1.67**

Xylose 0.09±0.02 0.11±0.01 1.32±0.18 1.37±0.25 0.29 0.05
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Cellobiose 0.98±0.06 0.60±0.02 0.04±0.01 0.31±0.04 (0.72) 2.83**

Lactulose 1.95±0.12 0.05±0.03 0.33±0.04 1.71±0.47 (5.28) 2.39*

D-Arabitol 0.25±0.13 0.97±0.06 2.28±0.36 1.18±0.09 1.96 0.95*

Glucose-6-
Phosphate

306.86±0.34 216.33±0.17 0.03±0.00 0.03±0.00 −0.50* 0.33

Fructose 2,6-
Biphosphate

0.08±0.00 0.28±0.01 0.15±0.02 0.07±0.02 1.84** -1.12*

Maltose 1.50±0.22 2.40±0.25 0.25±0.02 0.61±0.14 0.68 1.30*

Organic acid Glycolic acid 8.09±0.33 4.01±0.07 0.12±0.00 0.74±0.19 -1.01 2.67*

Lactic acid 0.15±0.02 0.16±0.04 2.97±0.38 3.47±0.14 0.09 0.22

Methylmalonic
acid

0.55±0.08 0.06±0.01 0.12±0.00 0.08±0.01 -3.13 -0.57*

Mucic acid 0.20±0.02 0.13±0.02 1.45±0.16 1.84±0.09 -0.64 0.34

D-Glyceric acid 0.33±0.55 0.43±0.09 2.52±0.25 1.81±0.52 0.36 -0.47

Pyruvic acid 0.20±0.55 0.13±0.30 1.93±0.08 4.41±0.50 −0.64* 1.19**

Succinic acid 0.25±0.02 0.32±0.02 6.97±0.69 6.53±0.48 0.37* -0.09

Fumaric acid 4.50±0.25 2.40±0.16 3.08±0.04 25.36±1.99 −0.91* 3.04**

Citramalic acid 7.06±0.3 1.09±0.02 0.45±0.02 0.18±0.04 -2.70** -1.31**

Oxalic acid 0.97±1.79 0.78±0.03 0.24±0.02 0.17±0.03 −0.31 -0.49

Itaconic acid 2.90±0.03 3.91±1.79 3.07±0.35 2.33±0.34 0.43 -0.40

Malonic acid 4.47±0.08 5.48±0.51 1.12±0.06 9.71±0.55 0.30 3.12**

Maleic acid 0.08±0.03 0.18±0.03 6.99±0.39 9.24±0.90 1.11* 0.40

Gluconic acid 0.56±0.07 0.78±0.09 0.07±0.00 0.08±0.02 0.49** 0.16

Nicotinic acid 4.95±0.58 10.38±0.40 0.69±0.04 1.25±0.15 1.07** 0.85*

Threonic acid 2.23±0.83 0.72±0.00 1.44±0.21 0.81±0.14 −1.63* -0.84

Galactonic acid 0.83±0.00 0.51±0.10 1.01±0.04 1.12±0.08 −0.70** 0.15

Glucoheptonic
acid

16.23±0.31 8.81±0.41 0.22±0.03 0.56±0.02 −0.88 1.37**

3-
Hydroxypropionic
acid

0.04±0.00 0.04±0.00 0.19±0.01 0.14±0.01 -0.14 -0.40

Shikimic acid 0.01±0.00 0.00±0.00 3.90±0.21 1.92±0.49 -1.87 -1.02*

Stearic acid 0.24±0.01 0.11±0.03 0.24±0.02 0.30±0.03 −1.18* 0.35

Palmitic acid 42.32±1.77 40.01±1.53 0.32±0.06 0.44±0.14 −0.08 0.48

Linolenic acid 0.17±0.05 0.14±0.02 1.53±0.12 0.18±0.02 −0.29 -3.06**

Linoleic acid 4.13±0.09 2.72±0.13 1.82±0.40 2.34±0.19 −0.60** 0.37

Ferulic acid 13.46±0.03 36.23±0.13 1.58±0.26 0.90±0.12 1.43** -0.81
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Salicylic acid 0.13±0.34 0.18±0.13 0.39±0.03 0.05±0.02 0.52 -2.94**

Caffeic acid 1.30±0.00 0.36±0.00 0.02±0.00 0.01±0.00 −1.86* -0.96

Phenylpropion Neohesperidin 11.03±0.05 7.74±0.21 0.15±0.02 1.02±0.84 −0.51* 2.78

Prunin 8.47±1.06 13.32±0.36 0.09±0.01 0.23±0.02 0.65** 1.37**

Values were presented as the mean ± standard error of four biological replicates. GS1, common soybean, GS2, barren
tolerant wild soybean, CK, control treatment, LN, low−N stress. * and ** indicate signi�cant (P < 0.05) and highly
signi�cant (P < 0.01) differences, respectively.

 

Table 4 Changes of LN stress on metabolite content in old leaves of two wild soybean ecotypes.
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  Metabolite name Relative concentration Fold changes

Log2(LN/CK)GS1 GS2

CK LN CK LN GS1 GS2

Amino acids L-Proline 0.11±0.01 0.81±0.18 1.47±0.27 0.66±0.08 -1.17** 2.85**

  Glycine 1.07±0.15 1.27±0.30 0.08±0.02 0.04±0.01 -0.74* 0.25

  Sarcosine 0.81±0.15 2.97±0.63 0.20±0.04 0.14±0.00 -0.58* 1.88*

  L-Homoserine 1.04±0.21 2.42±0.26 0.19±0.01 0.15±0.00 -0.34** 1.22**

  L-Aspartic acid 0.07±0.04 0.33±0.09 0.21±0.01 0.19±0.01 -0.15* 2.28*

  L-Alanine 0.09±0.01 0.26±0.03 0.02±0.01 0.03±0.00 0.05 1.57**

  L-Asparagine 0.06±0.01 0.22±0.05 0.10±0.01 0.11±0.01 0.21* 1.95*

  L-Valine 37.13±3.86 47.46±5.60 2.11±0.32 2.43±0.95 0.20 0.35

  Cycloleucine 30.89±5.31 44.38±8.78 0.50±0.17 0.64±0.33 0.33 0.52

  L-Isoleucine 0.38±0.01 1.33±0.25 0.22±0.05 0.30±0.25 0.44 1.79**

  Beta-Alanine 0.13±0.04 0.07±0.02 0.06±0.02 0.08±0.05 0.55 -1.02

  L-Phenylalanine 0.08±0.03 0.17±0.02 0.15±0.02 0.23±0.06 0.62* 1.01*

  L-Serine 0.01±0.00 0.06±0.01 8.47±2.47 15.09±4.34 0.83* 2.32*

  Threonine 0.02±0.00 0.03±0.01 0.05±0.01 0.10±0.06 0.89 0.97*

  Sphingosine 6.28±2.67 0.42±0.39 0.56±0.49 0.64±0.45 0.18 -3.92**

  Gamma-
Aminobutyric acid

0.10±0.02 0.19±0.02 0.34±0.03 0.41±0.03 0.27* 0.92*

  Ethanolamine 30.85±6.18 61.33±6.31 0.57±0.28 1.16±1.26 1.01 0.99*

  5-Aminopentanoic
acid

0.73±0.30 0.03±0.02 0.00±0.00 0.01±0.01 2.63 -4.75**

Sugar and
polyols

D-Galactose 0.05±0.01 0.08±0.01 0.03±0.02 0.00±0.00 -2.58* 0.53

  Lactose 0.21±0.15 0.03±0.02 0.08±0.01 0.04±0.03 -0.94 -2.82

  Gluconic acid 0.10±0.16 0.34±0.08 0.02±0.01 0.01±0.01 -0.68 1.83*

  L-Threose 4.15±0.23 4.96±0.75 0.01±0.00 0.01±0.00 0.03 0.26

  Maltose 0.12±0.01 0.22±0.05 0.25±0.05 0.28±0.19 0.13 0.91

  Xylose 6.36±0.17 10.71±2.81 0.05±0.02 0.06±0.05 0.26 0.75

  Sucrose 30.81±9.34 2.64±0.02 0.93±0.32 1.50±0.43 0.69 −3.54*

  Glycerol 0.10±0.01 0.20±0.00 0.02±0.00 0.03±0.02 0.89 0.95**

  D-Arabitol 0.12±0.01 0.57±0.10 0.48±0.08 3.02±2.41 2.64 2.23**

Organic acids Malonic acid 0.94±0.25 0.46±0.17 0.90±0.31 0.76±0.15 -0.23 -1.04*

  Palmitic acid 0.27±0.02 0.82±0.26 0.04±0.01 0.02±0.00 -1.20* 1.59
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  Stearic acid 1.92±0.10 3.50±0.53 0.24±0.01 0.19±0.01 -0.33** 0.87*

  Pelargonic acid 0.02±0.00 0.02±0.00 0.01±0.00 0.01±0.00 -0.22** 0.27*

  Linoleic acid 8.30±2.49 22.03±0.87 0.00±0.00 0.00±0.00 -0.15** 1.41**

  Linolenic acid 3.19±0.40 2.49±0.33 20.27±5.49 21.56±6.58 0.09 −0.36

  Fructose-
6−biphosphate

0.06±0.00 0.15±0.01 0.07±0.02 0.04±0.00 -0.72* 1.25**

  Pyruvic acid 0.34±0.08 0.85±0.11 0.02±0.00 0.03±0.00 0.94** 1.31*

  Glucose 6-
phosphate

0.95±0.15 1.55±0.22 0.02±0.02 0.09±0.05 1.88* 0.70

  Fumaric acid 0.06±0.02 0.07±0.01 0.08±0.00 0.06±0.03 -0.52 0.11

  L-Malic acid 3.39±0.57 5.29±1.30 0.15±0.00 0.21±0.00 0.45** 0.64

  Succinic acid 6.33±1.30 10.06±0.74 1.07±0.29 2.24±0.43 1.07** 0.67*

  Itaconic acid 0.66±0.18 0.09±0.02 0.08±0.01 0.08±0.02 -0.05 -2.91**

  L-Lactic acid 0.69±0.09 0.93±0.17 0.07±0.00 0.08±0.00 0.09** 0.44

  Maleic acid 1.73±0.60 9.20±7.08 1.73±0.55 2.61±0.38 0.59* 2.41

  Caffeic acid 6.48±0.68 5.12±0.54 0.03±0.01 0.05±0.00 0.67* −0.34

  Glycolic acid 0.28±0.05 0.12±0.04 0.12±0.03 0.28±0.06 1.25** -1.22**

  Galactaric acid 1.05±0.70 1.42±0.27 0.62±0.22 1.49±0.55 1.26* 0.44

  Benzoic acid 0.03±0.00 0.02±0.00 0.01±0.01 0.14±0.07 3.37* -0.34

  Glyceric acid 9.87±0.91 15.71±2.56 0.00±0.00 0.00±0.00 4.19* 0.67*

  Shikimic acid 0.08±0.00 0.15±0.02 0.19±0.01 0.15±0.09 -0.42 0.87**

  Ferulic acid 0.47±0.04 0.31±0.03 0.06±0.04 0.16±0.11 1.35 −0.61**

  Salicylic acid 2.28±0.24 7.70±1.42 0.02±0.00 0.02±0.02 0.39 1.76**

Phenylpropion Prunin 2.41±0.51 5.61±0.19 0.04±0.01 0.02±0.02 -0.82 1.22*

  Neohesperidin 0.17±0.03 1.27±0.24 0.20±0.11 0.29±0.38 0.57 2.90**

  Vanillin 0.01±0.00 0.33±0.26 0.73±0.85 1.81±0.84 1.32 5.36

Values were presented as the mean ± standard error of four biological replicates. GS1, common soybean, GS2, barren
tolerant wild soybean, CK, control treatment, LN, low−N stress. * and ** indicate signi�cant (P < 0.05) and highly
signi�cant (P < 0.01) differences, respectively.

Figures
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Figure 1

Growth performance of the two soybean ecotypes under control and LN-stress conditions. GS1, common soybean, GS2,
barren tolerant wild soybean. CK, control treatment, LN, low-nitrogen stress.

Figure 2

The changes in gas exchange of the two soybean ecotypes young and old leaves. (A) young leaves net photosynthetic
rate(PN), (B) young leaves stomatal conductance(gs), (C) young leaves transpiration rate (E), (D) young leaves ratio of
sub-stomatal to atmospheric CO2 concentrations(Ci/Ca), (A) old leaves net photosynthetic rate(PN), (B) old leaves
stomatal conductance(gs), (C) old leaves transpiration rate (E), (D) old leaves ratio of sub-stomatal to atmospheric CO2
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concentrations(Ci/Ca), GS1, common soybean, GS2, barren tolerant wild soybean. CK, control treatment, LN, low-nitrogen
stress, * indicate signi�cant (P < 0.05).

Figure 3

PCA of ionomic pro�les and loading plots of ionomics in young and old leaves. (A) PCA of young and old leaves, (B)
loading plot of young and old leaves, GS1, common soybean, GS2, barren tolerant wild soybean, YL, young leaves, OL, old
leaves, CK, control treatment, LN, low-nitrogen stress.
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Figure 4

PCA of metabolic pro�les and loading plots of metabolites in young and old leaves. (A) PCA of young leaves, (B) PCA of
old leaves, (C) loading plot of young leaves, (D) loading plot of old leaves. GS1, common soybean, GS2, barren tolerant
wild soybean, CK, control treatment, LN, low-nitrogen stress.

Figure 5
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Changes in the metabolic pathways of young and old leaves in the two soybean ecotypes. Suggested changes in the
metabolic network in soybean seedlings under LN-stress conditions based on a partial least square-discriminant analysis
(PLS-DA). (A) pathway of young leaves; (B) pathway of old leaves. GS1, common soybean; GS2, barren tolerant wild
soybean; CK, control treatment; LN, low-nitrogen stress.
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