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Abstract
Main conclusion The keys to alkali-stress resistance of barren-tolerant wild soybean lay in enhanced reutilization
of reserves in cotyledons as well as improved antioxidant protection and organic acid accumulation in young roots.

Abstract Soil alkalization of farmlands is increasingly serious, adversely restricting crop growth and endangering food
security. Here, based on integrated analysis of transcriptomics and metabolomics, we systematically investigated changes
in cotyledon weight and young root growth in response to alkali stress in two ecotypes of wild soybean after germination to
reveal alkali-resistance mechanisms in barren-tolerant wild soybean. Compared with barren-tolerant wild soybean, the dry
weight of common wild soybean cotyledons under alkali stress decreased slowly and the length of young roots shortened. In
barren-tolerant wild soybean, nitrogen-transport amino acids asparagine and glutamate decreased in cotyledons but increased
in young roots, and nitrogen-compound transporter genes and genes involved in asparagine metabolism were significantly
up-regulated in both cotyledons and young roots. Moreover, isocitric, succinic, and L-malic acids involved in the glyoxylate
cycle significantly accumulated and the malate synthetase gene was up-regulated in barren-tolerant wild soybean cotyledons.
In barren-tolerant wild soybean young roots, glutamate and glycine related to glutathione metabolism increased significantly
and the glutathione reductase gene was up-regulated. Pyruvic acid and citric acid involved in pyruvate—citrate metabolism
increased distinctly and genes encoding pyruvate decarboxylase and citrate synthetase were up-regulated. Integrated analy-
sis showed that the keys to alkali-stress resistance of barren-tolerant wild soybean lay in enhanced protein decomposition,
amino acid transport, and lipolysis in cotyledons as well as improved antioxidant protection and organic acid accumulation
in young roots. This study provides new ideas for the exploitation and utilization of wild soybean resources.

Keywords Alkali stress - Glycine soja - Metabolomics - Post-germination growth - Transcriptomics - Wild soybean
Abbreviations GS2  Wild soybean var. Tongyu06311

DEGs Differentially expressed genes ROS  Reactive oxygen species

GS1 Wild soybean var. Huinan06116

Introduction

Communicated by Dorothea Bartels.

Soil salinization and alkalization are widespread and impor-
tant abiotic stresses worldwide that seriously affect the phys-
04 Lianxuan Shi iological and metabolic processes of plants, and limit their
lianxuanshi @nenu.edu.cn growth and yield (Zhang et al. 2022). The global saline-alka-
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impeding the development of global agriculture and leading
to food security problems (Gao et al. 2022). Expansion of
the sodic soil area caused by increased soil pH has become
a new environmental problem (Dixit et al. 2020). Therefore,
screening and identification of alkali-tolerant plant resources
are imperative for the cultivation of high-quality crop varie-
ties adapted to sodic soil and the sustainable development
of future agriculture.

Wild plant resources are rich in good traits and genetic
variation, and can provide candidate genes for crop improve-
ment and breeding, helping to improve global agricultural
production (Dempewolf et al. 2017; Bohra et al. 2022). Stud-
ies to enhance crop performance using wild relatives have
been going on for decades and, for example, have resulted
in successful breeding of wheat with leaf rust resistance, rye
with multi-resistance, and cotton with high fiber (Laugerotte
et al. 2022; Xu et al. 2022). Moreover, the contribution of
wild relatives to the global economy is as much as 186.3 bil-
lion dollars annually (Tyack et al. 2020). Wild soybean (Gly-
cine soja Siebold & Zucc.), a closely related wild species
of cultivated soybean (Glycine max (L.) Merr.), has strong
adaptability to alkali stress (Li et al. 2017). Thus, this is a
natural gene pool for screening and identifying alkali-resist-
ant genes for soybean breeding and is also ideal material for
studying the mechanisms of alkali resistance in plants.

In addition to harm from osmotic effects and ion toxicity,
alkali stress also has a high pH, which causes alkali burn to
seeds, resulting in the loss of the selective absorption func-
tion of the cell membrane and catabolism disorder of stored
substances in seeds (Han et al. 2022). In addition, growth of
young roots can be more severely inhibited (Zaib-un-Nisa
et al. 2022). The post-germination growth stage is the criti-
cal period for the establishment of soybean seedlings and is
vulnerable to adverse environments (Du et al. 2021). Luck-
ily, plant cotyledons have evolved a series of mechanisms
to maintain the mobilization and utilization of their internal
storages under saline-alkali stress, such as regulating the
ratio and physiological activity of internal hormones and
enhancing the activities of a-amylase, lipases, and proteases
(Ashraf et al. 2009; Gogna and Bhatla 2020; Ma et al. 2022).
The transport of the small molecular substances formed by
the decomposition of storage compounds also improves
the tolerance of hypocotyls and roots to saline-alkali stress
(Chen et al. 2022c¢).

Young roots show various responses to alkali stress, for
instance, changes in root morphology and microstructure,
selective absorption and transportation of ions, accumu-
lation and secretion of organic acids, and enhanced scav-
enging capacity for reactive oxygen species (ROS) (Li
et al. 2019, 2022b; Gao et al. 2022; Zhao et al. 2022).
Enhanced ROS scavenging capability is one of the most
important mechanisms of plant’s response to alkali stress.
Under alkali stress, the content of antioxidant enzymes
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increased significantly in the roots of Chinese cabbage,
tomato, and broomcorn millet (Gong et al. 2014; Ma et al.
2021; Li et al. 2022c¢). Except for antioxidant enzymes,
it was through metabolism of the non-enzymatic system
that plants maintain the stability of intracellular ROS lev-
els under saline-alkali stress, such as by ascorbic acid,
reduced glutathione, flavonoids, and vitamins (Zhang
et al. 2020; Ren et al. 2021). Previous studies showed
that alfalfa and tomato removed ROS from their roots by
enhancing the ascorbate—glutathione cycle under alkali
stress; however, the roots of maize and Sorghum bicolor
did this by flavonoid biosynthesis (Gong et al. 2014; Song
et al. 2017; Ma et al. 2020; Li et al. 2022a). Thus, it is well
worth investigating the mechanisms of the decomposition
and utilization of cotyledon reserves and the adaptation of
young roots in wild soybean under alkali stress.

With the development of “omics” in sequencing tech-
nologies and data analysis methods, the integrated analysis
of multi-omics has been commonly used and has become
an indispensable technique in scientific research, includ-
ing genomics, epigenomics, transcriptomics, proteomics,
metabolomics, and microbiomics (Pazhamala et al. 2021).
Multi-omics integration analysis has provided great achieve-
ments concerning the response mechanisms of plants to
abiotic stresses, such as drought, salinity, and cold. Using
this method, researchers have successfully screened out can-
didate genes for enhancing salt-alkali tolerance and genes
involved in cold stress response and recovery—these genes
were targets for plant molecular improvement breeding in
further studies (Raza et al. 2021; Lv et al. 2022). Multi-
omics integration analysis is also a good platform for the
study of complex quantitative traits controlled by multiple
genes.

In this study, two different ecotypes of wild soybean were
used as experimental materials, and alkali stress was simu-
lated using a 1:1 molar ratio of Na,CO;:NaHCO;. After seed
germination, cotyledon dry weight and young root length
were measured for seven consecutive days. The quantities
of small molecular substances and gene expression levels
in cotyledons and young roots of the two wild soybeans
were tested and metabolites and genes enriched in the same
metabolic process were subjected to integrated analysis and
comparison. This paper attempts to reveal the resistance
mechanism of barren-tolerant wild soybean to alkali stress at
post-germination growth stage and its gene expression regu-
latory mechanisms from the perspectives of mobilization
and utilization of storage substances in cotyledons and the
type and metabolic pathway of non-enzymatic antioxidants
in young roots. The present study will provide a new stand-
ard for the evaluation and identification of barren-tolerant
wild soybean germplasm resources, and provide candidate
genes for the cultivation of new crop varieties with alkali
tolerance.
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Materials and methods
Plant materials and alkali treatment

The seeds of common wild soybean, Glycine soja Siebold
& Zucc., var. Huinan06116; (GS1) and barren-tolerant wild
soybean var. Tongyu06311 (GS2) used in this study were
provided by Jilin Crop Germplasm Introduction and Breed-
ing Center, Changchun, China. Healthy, plump, and uniform
size seeds were selected from the seeds of two ecotypes of
wild soybean as experimental materials, and their seed coats
were scored. These seeds were then evenly sown in pots
containing washed sand, with 10 seeds per pot. The pots
were about 15 cm in diameter and 17 cm in height, with
holes about 1 cm in diameter in the bottom. Before putting
the sand into pots, a layer of gauze was laid on the pot bot-
tom. The experimental materials were cultivated on June
1, 2022, in an arched shelter covered with plastic sheeting
at Northeast Normal University, Changchun, China, where
the day and night temperatures were 25+2 and 16 +3 °C,
respectively, and relative humidity was about 60%.

Pots seeded with GS1 and GS2 were randomly divided
into control and treatment groups. The control and treat-
ment groups were irrigated adequately with distilled water
and simulated alkali solution once a day, respectively, until
the end of this experiment. In simulated alkali solution, the
Na,C0,:NaHCO; was 1:1 (v/v) and Na* concentration was
50 mmol L™!. Seeds were considered germinated when the
root tip and hypocotyl broke through the seed coat by 2 mm
(Ducatti et al. 2022); the overwhelming majority of seeds
had germinated 1 day after sowing. After 5 days of seed
germination, three pots were randomly selected from each
group. After removing seed coats and isolating cotyledons
and young roots, RNA was extracted from cotyledons and
young roots separately for transcriptome analysis. Four pots
were randomly selected from each group for metabolome
analysis of cotyledons and young roots at 6 days after seed
germination, and the preliminary preparations were the same
as above. For transcriptomic and metabolomic analyses, cot-
yledons or young roots from the same pot were considered as
one biological duplicate. All harvested fresh samples were
quickly frozen in liquid nitrogen and then stored at — 80 °C.

Measurements of cotyledon weight and young root
length

The dry weight of cotyledons and the length of young roots
of two wild soybeans under control and alkali stress condi-
tions were measured for seven consecutive days from the
day of germination. Three pots were randomly selected from
each group for measurements every day, with each measure-
ment repeated three times.

Metabolomics analysis

Of cotyledon and young root samples of the two wild soy-
beans under control and alkali stress, 50 mg was trans-
ferred into new Eppendorf tubes. Into each tube, 500 pL
of extracting solution (V,ohanol! Vehloroform = 3:1, v/v) and
60 pL of ribitol were added. After blending, the tubes were
put into ice water and sonicated for 5 min, and then cen-
trifuged for 10 min at 12,000g and 4 °C. The supernatants
were transferred into glass bottles specially designed for a
gas chromatograph—mass spectrometer (GC-MS). The glass
bottles were dried in a vacuum concentrator for 30 min, and
then 120 pL of methoxyamine hydrochloride was added
to them. After vortex mixing, they were derivatized in
an oven at 37 °C for 120 min. Lastly, 100 pL of N,O-bis-
(trimethylsilyl)-trifluoroacetamide reagent (containing 1%
trimethylchlorosilane) was added to the dried samples and
they were oscillated at 70 °C for 1 h. After dropping to room
temperature, samples were tested and analyzed by Agilent
7890 GC-MS (Agilent Technologies, Santa Clara, CA,
USA). Four biological replicates were randomly selected
from each group for analysis each time, and the analysis was
repeated three times.

ChromaTOF software (V 4.3x, LECO, St. Joseph, MI,
USA), and EI-MS and FiehnLib databases were used to
process data and identify metabolites (Chen et al. 2022a).
Principal component analysis (PCA) and partial least-
squares discriminant analysis (PLS-DA) were completed
by SIMCA-P13.0 software (Umetrica, Umea, Sweden), and
variable importance in projection (VIP) values were also cal-
culated (Chen et al. 2022a). Student’s ¢ test was performed
using Excel 2013. The differential metabolites were defined
and screened according to P <0.05, VIP > 1, and similarity
value > 500. The metabolic pathways of metabolites were
queried using KEGG (https://www.genome.jp/kegg) and
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca).

Transcriptomics analysis

The total RNA from cotyledon and young root samples was
extracted by TRIzol kit (Invitrogen, Carlsbad, CA, USA),
and the concentration and integrity of extracted RNA were
separately determined by NanoDrop 2000 (Thermo Sci-
entific Inc., Wilmington, DE, USA) and Agilent Bioana-
lyzer 2100 system (Agilent Technologies). The NEBNext®
Ultra™ RNA Library Prep Kit of Illumina® (NEB, USA)
was used to generate cDNA sequencing libraries, and the
quality of libraries was assessed by Agilent Bioanalyzer
2100 system. The library fragments were then sequenced
on an Illumina Hiseq platform based on the principle of
sequencing while synthesizing, and raw reads were gen-
erated. All the above steps were repeated three times, and
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three biological replicates were randomly selected from each
group at a time.

Clean reads were obtained by removing adapters’ reads
and reads with low-quality, and their Q30 percentage and
GC content were further calculated. Then, the clean reads
were mapped to the reference genome Williams 82 for analy-
sis and annotation of exact matches. The differential expres-
sion analysis of cotyledons or young roots under control and
alkali stress conditions was completed using the DESeq R
package (1.10.1), and genes with P <0.05 and llog," 1> 1
were defined as differentially expressed genes (DEGs) (Chen
et al. 2022a), where FC (fold change) refers to the ratio of
expression levels between alkali stress and the control. The
expression levels of genes were expressed as FPKM val-
ues, which were equal to cDNA fragments/mapped frag-
ments (millions) X transcript length (kb) (Florea et al. 2013).
Finally, the GO enrichment and KEGG pathway enrichment
of DEGs were determined using the GOseq R program pack-
age and KEGG website.

Real-time fluorescence quantitative PCR validation

Eight cotyledon genes and ten young root genes were
randomly selected from the two wild soybeans, and their
expression levels under alkali stress and control conditions
were determined using real-time fluorescence quantitative
PCR (qRT-PCR). Primers were designed by Primer Pre-
mier 6 software (Premier Biosoft International, PaloAlto,
CA, USA), and their specificities were evaluated by TBtools
software (https://www.tbtools.com). The designed primers
sequences were listed in Tables S1 and S2. Total RNA was
isolated from frozen samples by the TRUEscript RT Master-
Mix (DF Biotech, Chengdu, China) dedicated to qRT-PCR.
The cDNA synthesis was performed according to the man-
ufacturer’s instructions of TransScript First-Strand cDNA
Synthesis kit (AiDLAB Biotech, Beijing, China). With 18S
rRNA (GYMAO06G315500WM82A2V1) as the internal
reference gene, QRT-PCR was performed on an Analytik
Jena-qTOWER?2.2 fluorescence quantitative PCR instrument
(Analytik Jena AG, Jena, Germany) (Chen et al. 2022a). All
the above operations were repeated three times, and three
loading sample points were set for each gene every time.
Then, the obtained data were analyzed according to com-
parative CT method.

Integrated analysis of metabolomics
and transcriptomics

Metaboanalyst 5.0 was used to calculate the correlation
coefficients between metabolites and genes in the same
metabolic process. Using these correlation coefficients,
correlation networks were plotted using Cytoscape soft-
ware (https://www.cytoscape.org). Visio 15.0 was used to
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visualize the mechanisms of resistance to alkali stress in
cotyledons and young roots of barren-tolerant wild soybean.

Statistical analysis

All data were analyzed using Excel 2013. The differences
between treatments were evaluated using Student’s ¢ test,
with P <0.05 considered significant.

Results

Changes in cotyledon weight and young root
growth

The cotyledon dry weight of both ecotypes of wild soybean
showed a gradual decline during germination (Fig. 1a).
However, the decreasing trend of cotyledon dry weight sig-
nificantly differed between the two ecotypes and between
control and alkali stress. Under alkali stress, the reduction
in cotyledon dry weight was greater for barren-tolerant than
common wild soybean, and there were also significant dif-
ferences in cotyledon dry weight at 7 days post-germination.
Without stress, the dry weight of GS1 and GS2 cotyledons
at 7 days was reduced by 20.9% and 21.9% compared with
that at 1 day, respectively, while under stress, they were
reduced by 16.7% and 19.3% (P <0.05). The alkali stress
inhibited the growth of young roots, and the degree of inhi-
bition increased gradually with longer stress time (Fig. 1b).
At 7 days, compared with control, the young root length of
GS1 was significantly decreased by 0.60-fold, while that of
GS2 was only decreased by 0.47-fold (P <0.01).

Multi-omics analysis of cotyledons
Metabolome analysis

The metabolites in cotyledons of two ecotypes of wild soy-
bean under control and alkali stress conditions were identi-
fied and quantified by GC-MS. In the PCA, the first prin-
cipal component (PC1) obviously distinguished GS1 from
GS2 (Fig. 2a), explaining 44.5% of the variance—the sec-
ond principal component (PC2) clearly separated control
and treatment groups (Fig. 2a), explaining 26.2% of total
variance. The PLS-DA indicated that metabolites with more
contribution to PC1 included L-malic acid, p-arabitol, and
sorbose, and the metabolites contributing to PC2 included
citric acid, oxoproline, sucrose, and alanine (Fig. 2b,
Table S3). In total, 21 kinds of differential metabolites
were identified and quantified according to the screening
criteria: nine amino acids, one non-amino acid nitrogenous
compound, two lipids, five organic acids, and four sugars
(Table 1).
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Fig. 1 Changes in cotyledon weight and young root growth under
alkali stress and control conditions. a Cotyledon dry weight. b Young
root length. GSI common wild soybean, GS2 barren-tolerant wild

Under alkali stress, compared with control, the relative
content of glutamine increased in the cotyledons of both
wild soybeans but increased more in GS2, with a signifi-
cant increase of 1.36-fold (P <0.01). More interestingly,
nitrogenous compounds threonine, tryptophan, phenylala-
nine, asparagine, glutamic acid, alanine and 4-aminobutyric
acid significantly increased by 0.40-, 0.89-, 0.84-, 0.24-,
0.38-, 0.14-, and 0.63-fold, respectively, in GS1 cotyledons
(P <0.05), but decreased by 0.45-, 0.15-, 0.34-, 0.18-, 0.68-,
0.29-, and 0.15-fold in GS2.

In comparison with control, under alkali stress, linoleic
acid, diglycerol, L-malic acid, succinic acid, and fumaric
acid, related to the hydrolysis of stored lipids and glyoxy-
late cycle, increased in both wild soybean cotyledons but
increased more in GS2, with increases of 0.93-, 0.31-, 1.58-,
0.72-, and 0.86-fold, respectively (P <0.01). The relative

soybean, CK control group, AS alkali stress. Data represent the means
of ninety replicates (+ SE)

contents of citric and isocitric acids, involved in the glyoxy-
late cycle, increased by 0.25- and 0.29-fold in GS2 cotyle-
dons but decreased by 0.32- and 0.20-fold in GS1, respec-
tively (P <0.05).

Transcriptome analysis

The gene expression levels in cotyledons of two wild
soybeans under control and alkali stress conditions were
determined using RNA sequencing (RNA-seq). A total of
78.74 Gb clean data was obtained and the clean data of each
sample reached 5.89 Gb. The percentages of Q30 and GC
of the clean data were 95.51-96.29% and 44.8-45.36%,
respectively. The sequence alignment efficiency between
clean data and reference genome Williams 82 ranged within
92.91-95.74% (Table S4). The expression levels of eight
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Fig.2 Principal component analysis and loading plots of metabolites
in two wild soybean cotyledons and young roots under control and
alkali stress conditions. a Principal component analysis of metabo-

cotyledon genes of both ecotypes of wild soybeans deter-
mined by qRT-PCR under control and alkali stress condi-
tions were consistent with RNA-seq results, which verified
the accuracy of the transcriptome data and confirmed that it
could be further analyzed (Fig. S1).

Under alkali stress, 997 (548 up-regulated and 449
down-regulated) and 1122 DEGs (611 up-regulated and
511 down-regulated) were screened and identified in the
GS1 and GS2 cotyledons, respectively (Fig. S2). Among
them, 782 DEGs of GS1 cotyledons and 944 DEGs of
GS2 cotyledons were annotated. The results showed that
they were mainly enriched in biological processes such
as response to salt stress (GO:0009651), protein meta-
bolic process (GO:0019538), and lipid metabolic process
(GO:0006629); cellular component such as intracellular
organelle (GO:0043229); and molecular function such as
hydrolase activity (GO:0016787) and transporter activity
(GO:0005215) (Fig. S3a, b). Then, the top 20 KEGG path-
ways annotated by DEGs of the two wild soybean ecotypes
were analyzed. The results indicated that nitrogen metabo-
lism (ko00910) was the metabolic pathway co-enriched by
DEGs of both wild soybeans, but glyoxylate and dicarbo-
xylate metabolism (ko00630) was the metabolic pathway
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specifically enriched by DEGs of barren-tolerant wild soy-
bean (Fig. S3c, d).

Compared with the control, under alkali stress, a serine
protease gene involved in the decomposition of storage pro-
tein, was down-regulated by 1.15-fold in GS2 cotyledons.
However, in GS1 cotyledons, this protease was encoded
by another gene and significantly down-regulated by 2.39-
fold. Three genes encoding serine protease inhibitors were
up-regulated in cotyledons of both wild soybeans but the
up-regulation was greater in GS1, with 2.00-, 2.60-, and
2.40-fold up-regulation, respectively. In addition, an aspar-
agine synthase gene, involved in amino acid transport was
up-regulated by 1.03-fold in GS2 cotyledons, under alkali
stress compared with control, but there was no significant
change in GS1. Moreover, genes responsible for transport
of nitrogenous compounds were up-regulated by 1.27- and
1.09-fold in GS2 cotyledons. In GS1 cotyledons, another
gene was responsible for this process but was significantly
down-regulated by 1.54-fold (Table 2).

Under alkali treatment, compared with untreated sam-
ples, triacylglycerol lipase gene, phospholipase gene, dia-
cylglycerol acyltransferase gene, and long-chain acyl-CoA
synthetase gene involved in lipolysis, were significantly
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Table 1 Changes in metabolite content of two wild soybean cotyledons under alkali stress

Metabolite Relative content FD value
GS1 GS2
Category Name CK AS CK AS GS1 GS2
Amino acids Threonine 0.71+0.00 0.94+0.02 0.78+0.04 0.57+0.01 0.40%* —0.45%*
Tryptophan 1.48+0.10 2.73+0.05 2.02+0.01 1.82+0.04 0.89%* —0.15%*
Phenylalanine 1.56+0.02 2.79+0.06 2.59+0.12 2.04+0.03 0.84%** —0.34%*
Asparagine 7.12+0.30 8.38+0.27 9.90+0.89 8.76 +0.60 0.24* -0.18
Glutamic acid 0.09+0.00 0.12+0.01 0.28+0.03 0.18+0.01 0.38* —0.68*
Glutamine 0.01+0.00 0.02+0.00 0.02+0.00 0.06+0.01 1.10% 1.36%*
Alanine 6.44+0.05 7.11+0.04 5.36+0.29 4.37+0.07 0.14%%* —0.29*
Serine 2.36+0.02 2.32+0.03 2.67+0.17 1.47+0.03 -0.02 —0.86%*
Oxoproline 2.48+0.01 2.82+0.20 5.18+0.41 4.46+0.14 0.19 -0.21
Other nitrogen compound 4-Aminobutyric acid 0.66+0.04 1.02+0.06 0.80+0.01 0.72+0.04 0.63%%* -0.15
Lipids Linoleic acid 0.02+0.00 0.03+0.00 0.03+0.00 0.06+0.00 0.15 0.93%**
Diglycerol 0.36+0.01 0.40+0.01 0.32+0.01 0.40+0.01 0.18%* 0.31%*
Organic acids L-Malic acid 3.74+0.01 10.52+0.11 4.03+0.01 12.02+0.01 1.49%%* 1.58%**
Succinic acid 0.45+0.00 0.58+0.01 0.41+0.02 0.68+0.03 0.39%* 0.72°%*
Fumaric acid 0.07+0.00 0.12+0.00 0.08 +0.00 0.15+0.00 0.61%* 0.86%*
Citric acid 9.61+0.16 7.67+0.51 10.31+0.88 12.23+0.73 —0.32% 0.25
Isocitric acid 0.18+0.00 0.16+0.01 0.19+0.02 0.24+0.01 —0.20%* 0.29
Sugars and polyols Sucrose 4.07+0.10 5.23+0.11 1.75+0.42 2.13+0.02 0.37%%* 0.28
D-Arabitol 4.40+0.03 2.69+0.12 2.54+0.02 2.91+0.04 —0.71%* 0.19%*
Sorbose 1.98+0.03 1.18+0.06 0.77+0.05 0.86+0.05 —0.74%* 0.16
Tagatose 3.81+0.08 3.38+0.22 2.58+0.04 2.87+0.01 -0.17 0.15%*

Relative content values were presented as mean + standard error of 12 replicates. Relative content values increased by 100 times. The fold
change of metabolite was represented as FD value, which was equal to log,*S“®. The * and ** indicated significant (P <0.05) and highly sig-

nificant difference (P <0.01), respectively

up-regulated by 1.48-, 1.31-, 1.08-, and 1.13-fold in GS2
cotyledons, respectively. However, in GS1 cotyledons, there
were no significant changes in expression levels of genes
other than one phospholipase gene. Moreover, the gene
encoding malate synthase, the key enzyme of the glyoxylate
cycle, was up-regulated by 1.15-fold in GS2 cotyledons but
with no significant change in GS1 (Table 2).

Integrated analysis of transcriptome and metabolome

Integrated metabolome and transcriptome analysis showed
that in GS2 cotyledons, the correlation coefficients of glu-
tamine and asparagine with asparagine synthetase gene
were 0.67 and —0.93, respectively (P <0.05). There were
significant positive correlations of nitrogenous compounds
alanine, serine, threonine, asparagine, oxoproline, 4-amin-
obutyric acid, glutamic acid, phenylalanine, glutamine and
tryptophan with nitrogenous compound transporter genes in
GS2 cotyledons, with correlation coefficients of 0.62-0.99
(P <0.05). In addition, citric, isocitric, succinic, and L-malic
acids in GS2 cotyledons were positively correlated with the
gene encoding malate synthase of the glyoxylic acid cycle,

with correlation coefficients of 0.95, 0.93, 0.96, and 0.93,
respectively (P <0.01) (Fig. 3, Table S5). However, in GS1
cotyledons, the correlations between genes and metabo-
lites involved in the same metabolic process were weak and
non-significant.

Multi-omics analysis of young roots
Metabolome analysis

GC-MS was applied to identify and quantify the metabolites
in young roots of two ecotypes of wild soybean under con-
trol and alkali stress. The PC1 of the PCA distinguished the
treated groups from the control (Fig. 2c), explaining 42.9%
of the variation, and PC2 separated the two wild soybeans
(Fig. 2¢), explaining 25.4% of the variation. The PLS-DA
showed that L-malic acid, fructose, sorbose, and aspartic
acid contributed more to PC1, and mannose, tagatose, and
asparagine contributed more to PC2 (Fig. 2d, Table S6). On
the basis of the screening standard, 25 differential metabo-
lites were identified and quantified: seven amino acids, three
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Table 2 GO annotation and fold change of DEGs in two wild soybean cotyledons under alkali stress

Gene ID GO annotation FD value
GS1 GS2

Amino acid  Glyma.14G222700.Wm82.a2.vl Endopeptidase activity (GO:0004175); serine-type endopeptidase activity - —-1.15
trans- (G0O:0004252); serine-type exopeptidase activity (GO:0070008); oligopepti-
port and dase activity (GO:0070012)
metabolism - Glyma.07G050200.Wm82.a2.vl Serine-type endopeptidase activity (GO:0004252) -239 -

Glyma.18G231500.Wm82.a2.v1 200 1.86
Glyma.20G205700.Wm82.a2.v1l Serine-type endopeptidase inhibitor activity (GO:0004867) 260 246
Glyma.20G205800.Wm§82.a2.v1 240 2.18
Glyma.07G257700.Wm82.a2.v1 - 1.03
Glyma.06G019500.Wm82.a2.vl Amino acid transmembrane transport (GO:0003333); plasma mem- - 1.27
Glyma.10G032700.Wm82.a2.v1 brane (GO:0005886); amino acid transmembrane transporter activity _ 1.09

(GO:0015171); integral component of membrane (GO:0016021)
Glyma.09G050600.Wm82.a2.vl Plasma membrane (GO:0005886); amino acid transport (GO:0006865); —-1.54 -

amino acid transmembrane transporter activity (GO:0015171); L-lysine

transmembrane transporter activity (GO:0,015,189); integral component of

membrane (GO:0,016,021)

Lipid Glyma.15G264200.Wm82.a2.vl Lipase activity (GO:0016298) - 1.48
metabolism  Glyma.11G036900.Wm82.a2.vl Phospholipase activity (GO:0004620); lipid metabolic process (GO:0006629) —1.51 1.31
gﬁﬁ;ﬁ Glyma.16G115700.Wm82.a2.vl Diacylglycerol O-acyltransferase activity (GO:QOQ4144); lipid metabolic - 1.08

process (GO:0006629); O-acyltransferase activity (GO:0008374)
Glyma.07G161900.Wm82.a2.vl Acyl-CoA ligase activity (GO:0003996); long-chain fatty acid-CoA ligase - 1.13

activity (GO:0004467); decanoate—CoA ligase activity (GO:0102391)
Glyma.05G045900.Wm82.a2.vl Malate synthase activity (GO:0004474); glyoxylate cycle (GO:0006097) - 1.15

non-amino acid nitrogenous compounds, two lipids, seven
organic acids, and six sugars and their derivatives (Table 3).

Under alkali stress, compared with the control, nitrog-
enous compounds tryptophan, glycine, asparagine, glu-
tamine, and 4-aminobutyric acid significantly decreased by
0.54-,0.43-, 1.34-, 1.00-, and 0.47-fold in GS1 young roots,
respectively (P <0.05), but increased by 0.47-, 0.54-, 0.14-,
1.27-, and 0.18-fold in GS2. In addition, the relative contents
of aspartic acid, glutamic acid, and oxoproline increased in
young roots of both wild soybeans but increased more in
GS2, with 5.21-, 3.52-, and 1.93-fold increases, respectively
(P<0.01).

Compared with the control, under alkali stress, the rela-
tive contents of sucrose, pyruvic acid, citric acid, L-malic
acid and glutaric acid associated with pyruvate—citrate
metabolism, increased in the young roots of both wild
soybeans, but the increase was greater in GS2, with 4.77-,
1.61-, 2.88-, 1.99-fold, and 1.84-fold increases, respectively
(P<0.05).

Transcriptome analysis
After transcriptome analysis of young roots of two wild
soybeans under control and alkali stress using RNA-seq,

92.89 Gb of clean data were obtained, with the clean data of
each sample reaching 6.07 Gb. The Q30 and GC proportions
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of clean data were 95.47-96.06% and 45.25-45.86%, respec-
tively. The sequence alignment efficiency between clean data
and the reference genome was in the range of 91.37-94.01%
(Table S7). The FPKM values of each data point ranged
from 1072 to 10*, and the correlations between the expres-
sion levels of each biological replicate were relatively high.
The expression levels of ten genes in young roots of two wild
soybeans determined by qRT-PCR under control and alkali
stress conditions were consistent with the transcriptome data
(Fig. S4). So, it was feasible and credible to further analyze
transcriptome data.

Under alkali stress, 1795 DEGs (1659 up-regulated and
136 down-regulated) and 2717 DEGs (2239 up-regulated
and 478 down-regulated) were screened and identified in
the young roots of GS1 and GS2, respectively (Fig. S5);
correspondingly 1442 and 2197 DEGs were annotated. The
GO annotation results of DEGs showed the enriched GO
terms included primary metabolic process (GO:0044238),
response to stimulus (GO:0050896) and response to oxida-
tive stress (GO:0006979) in biological process, organelle
(GO:0043226) in cellular component, and antioxidant activ-
ity (GO:0016209) in molecular function (Fig. S6a, b). The
top 20 KEGG pathways annotated by DEGs of two wild
soybeans were further analyzed. The results showed that
the metabolic pathway co-enriched by DEGs of two wild
soybeans was glutathione metabolism (ko00480), but more
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Fig. 3 Integration network of differential metabolites and differential
genes in barren-tolerant wild soybean under alkali stress. The dotted
line represents a negative correlation and the solid line represents a

DEGs were enriched in this pathway in barren-tolerant wild
soybean (Fig. Séc, d).

In comparison with the control, under alkali stress,
nitrogen-compound transporter genes were up-regulated by
3.67- and 3.49-fold in GS2 young roots, but with no signifi-
cant change for GS1. In addition, two asparaginase genes
involved in asparagine catabolism were up-regulated in the
young roots of both wild soybeans, with greater up-regula-
tion in GS2, and up-regulated by 7.27- and 4.72-fold, respec-
tively. Moreover, in GS2 young roots, the gene encoding
glutathione reductase of glutathione metabolism was signifi-
cantly up-regulated by 1.12-fold but there was no significant
change for GS1 (Table 4).
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Under alkali stress, compared with control, two pyruvate
decarboxylase genes and genes encoding citrate synthase,
2-oxoglutarate dehydrogenase, and malate dehydrogenase
of the citric acid cycle were significantly up-regulated by
5.42-,2.85-,3.50-, 1.90-, and 1.19-fold in GS2 young roots,
respectively. However, in GS1 young roots, except for the
gene encoding citrate synthase, there were no significant
changes in other genes (Table 4).

Integrated analysis of transcriptome and metabolome

The integrated analysis of metabolomics and transcriptom-
ics showed significant positive correlations of nitrogenous
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Table 3 Changes in metabolite content of two wild soybean young roots under alkali stress

Metabolite Relative content FD value
GS1 GS2
Category Name CK AS CK AS GS1 GS2
Amino acids Tryptophan 0.23+0.01 0.16+0.02 0.11+0.01 0.16+0.06 —0.54% 0.47
Glycine 0.03+0.00 0.02+0.00 0.02+0.00 0.03+0.00 —0.43%* 0.54*
Asparagine 6.49+0.56 2.57+0.64 5.59+0.10 6.14+0.18  —1.34%* 0.14%*
Glutamine 0.02+0.00 0.01+0.00 0.01+0.00 0.04+0.00 —1.00* 1.27
Aspartic acid 0.24+0.00 1.41+0.20 0.09+0.00 3.40+0.39 2.24%%* 5.21%*
Glutamic acid 0.01+0.00 0.08 +0.01 0.01+0.00 0.09+0.01 2.66%* 3.52%*
Oxoproline 0.68+0.02 1.23+0.06 0.42+0.01 1.62+0.04 0.86%* 1.93%#*
Other nitrogen compounds  Ethanolamine 0.55+0.01 0.25+0.00 0.35+0.00 042+0.02 —1.14%%  —0.26%*
4-Aminobutyric acid 0.38+0.01 0.28+0.03 0.25+0.01 0.29+0.01 -047* 0.18*
Adipamide 10.17+0.72 6.61+0.40 6.11+0.29 8.84+0.99 -0.62 0.53*
Lipids p-Glyceric acid 0.08+0.00 0.09+0.00 0.05+0.00 0.08+0.00 0.20 0.71%*
p-Glycerol-1-phosphate 0.03+0.00 0.04+0.00 0.01+0.00 0.04+0.00 0.52* 1.81%%*
Organic acids Pyruvic acid 0.01+0.00 0.02+0.00 0.01+0.00 0.03+0.00 1.23** 1.61%*
Citric acid 0.10+0.00 0.35+0.02 0.05+0.00 0.36+0.02 1.77%* 2.88%*
L-Malic acid 7.88+0.21 17.43+0.36 8.73+0.15 34.63+1.21 1.15%%* 1.99%*
Glutaric acid 0.01+0.00 0.03+0.00 0.02+0.00 0.06+0.00 1.35%* 1.84%#
3-Hydroxypropionic acid 0.05+0.00 0.06+0.00 0.03+0.00 0.06+0.00 0.35% 0.90%*
Malonic acid 0.04+0.00 0.02+0.00 0.02+0.00 0.03+0.00 —0.68%* 0.29*
Lactic acid 0.07+0.00 0.44+0.03 0.02+0.00 0.18+0.01 2.62%* 2.94%*
Sugars and polyols Sucrose 0.12+0.01 0.76 +0.07 0.01+0.00 0.26+0.01 2.68%* 4.77*
D-Arabitol 3.13+0.15 2.61+0.06 2.10+0.04 325+0.24 -0.26% 0.63%*
Fructose 11.72+0.58 10.58+0.21 14.70+0.36 16.22+1.02 -0.15 0.14
Tagatose 2.81+0.16 4.61+0.25 2.94+0.05 3.31+£0.06 0.71%* 0.17*
Sorbose 19.03+0.93 17.34+0.55 26.57+1.02 14.78+0.08 -0.13 —0.85%*
Mannose 4.43+0.18 6.42+0.28 5.32+0.31 3.11+0.10 0.54%*  —0.78%*

Relative content values were presented as mean +standard error of 12 replicates. Relative content values increased by 100 times. The fold
change of metabolite was represented as FD value, which was equal to log,*S“®). The * and ** indicated significant (P <0.05) and highly sig-

nificant difference (P <0.01), respectively

compounds tryptophan, glycine, asparagine, glutamine,
aspartic acid, glutamic acid, oxoproline, ethanolamine,
4-aminobutyric acid and adipamide in GS2 young roots
with two nitrogenous compound transporter genes, with
correlation coefficients of 0.54-0.97 (P <0.05). Aspara-
gine and aspartic acid in GS2 young roots were positively
correlated with two asparaginase genes, with correlation
coefficients of 0.97 and 0.96, and 0.97 and 0.95, respec-
tively (P <0.01). Both glycine and glutamate had strong
correlations with glutathione reductase gene of glutathione
metabolism, with correlation coefficients of 0.95 and 0.97,
respectively (P <0.01). Moreover, pyruvic and citric acids
in GS2 young roots were highly correlated with two pyru-
vate decarboxylase genes and citrate synthase gene, with
correlation coefficients of 0.80, 0.82, and 0.93 for pyruvic
acid and 0.83, 0.74, and 0.91 for citric acid, respectively
(P<0.05) (Fig. 3, Table S8). However, in GS1 young
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roots, correlations between genes and metabolites in the
same metabolic process were weak and non-significant.

Discussion

Soil salinization and alkalization are some of the most seri-
ous abiotic stresses threatening agricultural development and
affect the growth and development of plants throughout their
whole life cycle, especially at early stages (Yi et al. 2022).
Previous studies have shown that saline-alkali stress reduces
the water absorption of seeds, restricts the mobilization and
utilization of storage reserves, and inhibits the growth of
young roots (Marques et al. 2013; Nimir et al. 2020; Zaib-
un-Nisa et al. 2022). Consistent with these findings, this
study showed that alkali stress inhibited the reduction in
cotyledon dry weight and the growth of young roots of both
wild soybeans compared with the control, and the inhibitions
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Table 4 GO annotation and fold change of DEGs in two wild soybean young roots under alkali stress

Gene ID GO annotation FD value
GS1 GS2
Amino acid transport and metabolism Glyma.14G090200.Wm82.a2.vl Amino acid transmembrane transport (GO:0003333); - 3.67
Glyma.17G192000.Wm82.a2.vl ~ amino acid transmembrane transporter activity _ 349
(GO:0015171); integral component of membrane
(GO:0016021)
Glyma.04G042100.Wm82.a2.vl Asparaginase activity (GO:0004067); beta-aspartyl- 5.78 7.27
Glyma.06G043000.Wm82.a2.vl  Peptidase activity (GO:0008798) 3.60 4.72
Glutathione metabolism Glyma.16G155700.Wm82.a2.vl Glutathione-disulfide reductase activity (GO:0004362); - 112
glutathione metabolic process (GO:0006749); cell
redox homeostasis (GO:0,045,454)
Pyruvate—citrate metabolism Glyma.13G257800.Wm82.a2.v1 - 542
Glyma.15G057300.Wm82.a2.v1 - 285

Glyma.02G288500.Wm82.a2.v1

Glyma.10G290100.Wm82.a2.v1

Glyma.08G063800.Wm82.a2.v1

Citrate (Si)-synthase activity (GO:0004108); carbohy- 1.87 3.50
drate metabolic process (GO:0005975); tricarboxylic
acid cycle (GO:0006099)

Oxoglutarate dehydrogenase (succinyl-transferring) - 190
activity (GO:0004591); tricarboxylic acid cycle
(GO:0006099); oxoglutarate dehydrogenase complex
(GO:0045252)

Carbohydrate metabolic process (GO:0005975); tricar- - 119
boxylic acid cycle (GO:0006099); malate metabolic
process (GO:0006108); L-malate dehydrogenase activ-
ity (GO:0030060)

became serious with longer stress time. However, compared
with GS2, the inhibitions suffered by GS1 were more severe.
This suggested that under alkali stress, barren-tolerant wild
soybean had a stronger ability to mobilize storage substances
and maintain young root growth at the post-germination
growth stage, compared with common wild soybean. This
might be related to differences in physiology and gene regu-
lation between the two wild soybean ecotypes.

The decomposition and reuse of stored proteins are key
events in seed germination and post-germination growth
stages (Ehrhardt-Brocardo and Coelho 2022). Cysteine-,
serine-, aspartic-, metallo-, and threonine-proteases play
important roles in decomposition of storage proteins (Liu
et al. 2018), but their catalytic activities can be inhibited
under abiotic stress. The germinated seeds showed an
increase in the abundance of protease inhibitors as well as
a decrease in activities of proteases, under stress, which
slowed the catabolism of stored proteins (Fercha et al. 2014;
Ponte et al. 2014). A recent study found that a salt-tolerant
sorghum variety could actively mobilize stored proteins
in seeds by maintaining relatively higher protease activ-
ity under salt stress, thus alleviating the inhibition of salt
stress on its germination and seedling growth (Punia et al.
2021). In the present study, compared with GS2, the ser-
ine protease gene was down-regulated more severely and
up-regulation of serine protease inhibitor genes was greater
in GS1 cotyledons. The total content of amino acids was

decreased in GS2 cotyledons but increased in young roots,
and the opposite was true for GS1. In addition, nitrogen-
compound transporter genes were significantly up-regulated
in both cotyledons and young roots of GS2, and there were
significant positive correlations between amino acids and
nitrogen-compound transport genes, in both cotyledons and
young roots. Asparagine is the major nitrogen-transport
amino acid due to its stability and high nitrogen/carbon
ratio—the enzyme catalyzing its synthesis is asparagine
synthase, which catalyzes the transfer of the amide group of
glutamine to aspartate, yielding asparagine and participating
in the mobilization of reserve nitrogen resources (Garcia-
Caldero6n et al. 2017). After asparagine is transported to sink
tissues, it is mainly hydrolyzed to aspartic acid and ammo-
nium by asparaginase, and the released ammonium can be
re-assimilated by glutamate to generate other amino acids
(Gaufichon et al. 2016). Under abiotic stress, asparagine
metabolism in sensitive plants is significantly suppressed
during germination, obstructing the mobilization and reuti-
lization of stored nitrogen (Fercha et al. 2014). The enhance-
ment of asparagine metabolism in salt-tolerant Bermuda
grass facilitated the transport of nitrogen sources to the
developing young roots, and improved its growth under salt
stress (Hu et al. 2015). Our study showed that under alkali
stress, glutamine increased more in GS2 cotyledons than in
GS1 cotyledons, and the asparagine synthetase gene was sig-
nificantly up-regulated. The integrated analysis showed that
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glutamine in GS2 cotyledon was positively correlated with
asparagine synthetase gene. In addition, under alkali stress,
compared with GS1, asparagine and aspartic acid increased
significantly in GS2 young roots and up-regulation of aspar-
aginase genes was greater. The integrated analysis showed
positive correlations of asparagine and aspartic acid with
asparaginase genes in GS2 young roots. The above results
suggest that under alkali stress, barren-tolerant wild soy-
bean had stronger ability to decompose protein and trans-
port amino acids compared with common wild soybean, and
the relative content of amino acids in cotyledons and young
roots was due to amino acid transport rather than protein
decomposition.

The decomposition of stored fat in cotyledons of legu-
minous plants is also a key event during the post-germi-
nation growth stage. After seed germination, fatty acids
are released from stored fats by hydrolysis of lipases and,
after activation, they are converted into acetyl-CoAs by
B-oxidation and subsequently enter the glyoxylate cycle
(Eastmond and Graham 2001). The glyoxylate cycle is a
bridge linking fatty acid, energy, and amino acid metabo-
lism, and acetyl-CoAs from stored fat decomposition are
eventually converted into malate and succinate by isocitrate
lyase and malate synthetase, providing energy for life activi-
ties and carbon skeletons for amino acid synthesis (East-
mond and Graham 2001). Previous studies have shown that
under abiotic stresses such as drought and salt, the activi-
ties of key enzymes in the glyoxylate cycle significantly
decreased (Sidari et al. 2008). Because of enhancement of
the glyoxylate cycle, salt-tolerant castor and rice alleviated
the inhibition of salt stress on fat decomposition and energy
metabolism during seed germination (Asadi Aghbolaghi
et al. 2022). Exogenous melatonin promoted the catabolic
metabolism of storage lipids by enhancing the glyoxylic acid
cycle, and ensured energy supply for cucumber seed ger-
mination and subsequent growth under stress (Zhang et al.
2017). Our study results showed that, under alkali stress,
compared with GS1, glyoxylate cycle intermediates citric,
isocitric, succinic, and malic acids increased more in GS2
cotyledons, and the malate synthase gene was significantly
up-regulated. Moreover, the integrated analysis showed that
glyoxylate cycle intermediates were positively correlated
with the malate synthetase gene in GS2 cotyledons. This
indicated that under alkali stress, compared with common
wild soybean, barren-tolerant wild soybean could promote
the catabolism of stored lipids by enhancing the glyoxylic
acid cycle, which was conducive to providing energy secu-
rity for subsequent life activities and maintaining the carbon
and nitrogen balance.

Alkali stress induces overproduction of ROS and oxida-
tive stress in plants. Glutathione metabolism is thought to
play a central role in scavenging ROS, and its metabolic
intensity is closely related to plant tolerance to saline-alkali
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stress, as well demonstrated in studies of alfalfa, maize, and
wheat (Zhou et al. 2017; Lou et al. 2018). Glutathione is
a small-molecule antioxidant synthesized from L-glutamic
acid, L-cysteine, and glycine through two successive reac-
tions and it can react directly with ROS to reduce cell
damage caused by membrane lipid peroxidation (Zhou
et al. 2017; Song et al. 2021). After the removal of ROS,
reduced glutathione (GSH) is converted to oxidized glu-
tathione (GSSG), which in turn can be reduced to GSH by
glutathione reductase (GR); therefore, the ratio of GSH/
GSSG is a key indicator to measure the intensity of glu-
tathione metabolism (Ren et al. 2021). Under alkali stress,
the glutathione metabolism of rice was disordered, leading
to a distinct decrease in GSH/GSSG ratio and ROS scav-
enging capacity (Ren et al. 2021). Unlike the study of rice,
our study showed under alkali stress, compared with GS1,
glutamic acid and glycine increased significantly and the
GR gene was up-regulated in GS2 young roots. In addition,
glutamate and glycine in GS2 young roots were significantly
positively correlated with the GR gene. This suggested that
under alkali stress, compared with common wild soybean,
barren-tolerant wild soybean could remove ROS from young
roots by enhancing glutathione metabolism and improving
the intracellular GSH/GSSG ratio.

Alkali stress causes high pH stress, hence, accumula-
tion of organic acids is a key mechanism for plants to adapt
to alkali stress (Li et al. 2022b; Song et al. 2021). How-
ever, the types of organic acids accumulated in plants vary
among species and their regulatory mechanisms are also
quite different. Under alkali stress, alkali-resistant grami-
neous plants mainly accumulated citric acid, while sea
buckthorn mainly accumulated acetate (Yang et al. 2007;
Chen et al. 2009). Oxalic acid was the main organic acid
accumulated in grapevine and Kochia sieversiana roots
under alkali stress, but phenolic acid was the main organic
acid accumulated in roots of Suaeda salsa and Puccinellia
tenuiflora (Yang et al. 2007; Guo et al. 2018; Chen et al.
2022b). The strategy of oats and barley to cope with alkali
stress was enhancement of the TCA cycle, while the key
of wheat resistance to alkali stress was malate metabolism
(Han et al. 2019; Gao et al. 2022). Sea buckthorn enhanced
its tolerance to alkali stress by increasing the rate of anaer-
obic respiration, but grapevine achieved this goal by pro-
moting pyruvic acid and citric acid metabolisms, and Puc-
cinellia tenuiflora by promoting fatty acid and phenolic
acid metabolisms (Chen et al. 2009; Guo et al. 2018; Li
et al. 2022b). In this study, compared with GS1, under
alkali stress, pyruvic and citric acids were increased more
and genes encoding pyruvate decarboxylase and citrate
synthase were significantly up-regulated in GS2 young
roots. The integrated analysis showed that pyruvic and
citric acids in GS2 young roots were positively correlated
with genes encoding pyruvate decarboxylase and citrate
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Fig.4 Key mechanisms of
resistance to alkali stress in two
ecotypes of wild soybean. GS/
common wild soybean, GS2
barren-tolerant wild soybean.
The darker the fill color of the
ellipse, the greater the fold
change value of metabolite.
TGL triacylglycerol lipase,
DGAT diacylglycerol acyl-
transferase, LACS long chain
acyl-CoA synthetase, CS
citrate synthase, ACO aconitate
hydratase, aceA isocitrate lyase,
aceB malate synthase, MDH
malate dehydrogenase, ASN
asparagine synthetase, NSE
asparaginase, GLUL glutamine
synthetase, GCLC glutamate—
cysteine ligase catalytic subunit,
GSS glutathione synthase, GSR

Cotyledon

Protein
[ =]
Peptida‘seA‘

=— ASN

*Hydrolysis

Aspartic acid Glutamine
O

Asparagine Glutamic acid
o o=

TGL =
Llnolelc acid —<«—DAG 1:>TAG
= LACS ‘:':'

Linoleoyl-CoA

B-oxidation .
Citrate
% o Acx

Acetyl-CoA
Isocitric acid

Oxaloacetate
4 MDH
. . O
L-miglé acid »
aceB = ‘5‘

Glyoxylate

Fumaric acid«—Succinic acid
O O

v
Sucrose
O

glutathione reductase, GSH

L nitrogen compounds transporter |

glutathione, GSSG glutathione | I

disulfide, PDC pyruvate

r nitrogen compounds transporter |

decarboxylase, IDH isocitrate
dehydrogenase, OGDH 2-oxog- Asparasine
lutarate dehydrogenase poo g

EH NSEY GLUL

synthase. Thus, compared with common wild soybean,
barren-tolerant wild soybean improved its tolerance to
alkali stress by enhancing pyruvate—citrate metabolism.

Glutamic acid
[ &)

Aspartic acid Glutamine
@ O

Citric acid
Cysteine N . ,.Aﬁ? o
GCLC Isocitric acid Oxaloacetate
M f IDH ==
L-y-Glutamylcysteine
2-Oxo-glutarate . .
G]ycine &?GgDH L-magg acid
O

GSSG — GSH

< “GSR o
%'

v
Sucrose - Pyruvnc acid

¢PDC ==

Azetyl-CoA

GSS Succinyl-CoA Fumaric acid
N
Succinic acid/
Young root

Gene Fold changes

Metabolite Fold changes
GS1GS2 GSIXGSD

EERCTT T T T T T pDecreased © Increased @
3 -1 1 3 5§ 7

= No significant change

Conclusion

Alkali stress severely inhibited the growth of plants after
germination, mainly due to restriction of decomposition and
transport of storage compounds in seeds. Meanwhile, nutri-
ent deficiency and ROS damage in young roots were also the
causes of growth inhibition under alkali stress. Alkali-toler-
ant plants or varieties can deal with alkali stress by adjusting
physiological metabolism during seed germination. Through
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the measurement of growth parameters after germination
and the comprehensive analysis and comparison of metabo-
lomics and transcriptomics, this study revealed that under
alkali stress, barren-tolerant wild soybean guaranteed the
mobilization and reutilization of reserves in cotyledons
by promoting asparagine metabolism, nitrogen compound
transport, and the glyoxylic acid cycle. In addition, enhanced
glutathione and pyruvate-citrate metabolism were key for
barren-tolerant wild soybean to protect its young roots from
damage caused by ROS and high pH stress induced by alkali
stress (Fig. 4). This study will provide new insight for the
cultivation of new varieties of alkali-tolerant crops and lay
a theoretical foundation for the rational development and
protection of wild germplasm resources.
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