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Abstract

Background and aims Crop yield and quality are gen-
erally limited by poor soils, which is a key limiting factor
for sustainable development in modern agriculture. Wild
soybean (Glycine soja) is an excellent wild resource,
with tolerance to adverse environments, especially poor
soil. This study aimed to reveal the key molecular mech-
anism of wild soybean to resist phosphorus deficiency
in soil.

Methods Differences in the types, amounts and meta-
bolic pathways of small molecule metabolites and gene
expression were compared and multi-omics integration
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analysis was performed between wild and cultivated
soybean (Glycine max) seedling roots under sufficient
and artificially simulated low-phosphorus in this study.
Results  Under low-phosphorus stress, wild soybean
seedlings experienced less growth inhibition and root-
specific growth compared with cultivated soybean.
Genes encoding sulfoquinovosyl transferase (SQD2),
catechol O-methyltransferase (COMT), glutathione
S-transferase (GST) and peroxidase (POD) were up-
regulated; levels of glutamic acid, glycine, putrescine,
phenylalanine, tyrosine, catechol and neohesperidin
were increased; and levels of glycerol-3-phosphate
decreased. Integrated analysis showed that the above
genes and metabolites were involved in glutathione
metabolism, glycerolipid metabolism and phenylpro-
pane biosynthesis.

Conclusions These metabolic pathways are involved
in phosphorus reuse, while membrane lipid remod-
elling and reactive oxygen species scavenging are
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carried out to maintain membrane stability and ensure
plant survival under phosphorus deficiency. This
study provides new ideas for the study of mechanism
of tolerance to phosphorus deficiency in wild soybean
and lays the theoretical foundation for developing
varieties of cultivated soybean that tolerate poor soils.

Keywords Low phosphorus - Metabolomics -
Roots - Soybean - Transcriptomics

Introduction

Phosphorus is an important factor for maintaining the
normal growth and development of crops and ensur-
ing productivity in agricultural ecosystems (George
et al. 2016; Kirkby and Johnston 2008). Phospho-
rus in the soil is often not absorbed by crops due to
the adsorption of metal cations and the activities of
microorganisms (Hinsinger, 2001; Schachtman et al.
1998). Excessive use of phosphate fertilizer not only
causes economic loss to farmers, but also eutrophi-
cation of water bodies (Correll 1998; George et al.
2016). In addition, phosphate rock is a non-renewable
resource (Abelson 1999; Vance et al. 2003). Explor-
ing the molecular mechanisms of crop adaptation to
phosphorus deficiency in soil is a hot issue in agri-
cultural research from the perspective of the dynamic
relationship between soil and crop.

Soybean is an important economic crop and oil
crop, providing people with nutrients such as protein,
isoflavones and phospholipids (Kofsky et al. 2018).
Phosphorus deficiency can prevent the growth of root
nodules, leading to a reduction in the nitrogen-fixa-
tion capacity of soybean, which in turn reduces yield
and quality (Drevon and Hartwig 1997; Zhu et al.
2021). As the ancestor of cultivated soybeans, wild
soybean is a natural plant resource with genetic diver-
sity (Lam et al. 2010). It has been used many times
for breeding improvement due to its high protein con-
tent and resistance to adversity (Li et al. 2017; Liu
et al. 2020). Therefore, it is an important to study
molecular mechanisms of tolerance to phosphorus
deficiency in wild soybean to improve the quality of
cultivated soybean.

Roots are organs that directly perceive a poor
soil environment and respond quickly. Studies
have shown that, under phosphorus deficiency, the
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phenotypic structure of roots changes (Ding et al.
2021; Lynch 2011), root secretions are altered
(Wang et al. 2018), lipid metabolism and secondary
metabolism are activated (Meena et al. 2021; Zhang
et al. 2019), and genes related to phosphorus uptake
and transport are induced (Qu et al. 2015; Wu et al.
2013). Thus, it is feasible to reveal the relationship
between crops and soil from the perspective of roots.

Under phosphorus deficiency, electron transport
and photosynthesis are restricted, leading to the accu-
mulation of reactive oxygen species and membrane
damage (Juszczuk et al. 2001). Studies have shown
that in rice and rape, antioxidant enzyme activity and
antioxidant levels are enhanced to scavenge oxygen
free-radicals and protect membrane structure (Chen
et al. 2015; Fu et al. 2014). Secondary metabolites
are accumulated to improve plant tolerance in wheat,
switchgrass and maize under phosphorus deficiency
(Ding et al. 2021; Luo et al. 2019; Pontigo et al.
2018). Previous studies showed that phosphorus defi-
ciency leads to the degradation of phospholipids to
obtain phosphorus for plant use, while sulfolipids and
galactolipids are synthesized to replace phospholipids
and so maintain membrane stability (Mo et al. 2019;
Byrne et al., 2011; Zhang et al. 2019). These findings
provide a theoretical basis and new ideas for the study
of the molecular mechanisms underlying the response
of wild soybean roots to low phosphorus.

In this study, high-throughput sequencing tech-
nology and integrated transcriptomic and metabo-
lomic analyses were used to compare differences in
the physiology, types, amounts and metabolic path-
ways of small molecule metabolites and gene expres-
sion between wild and cultivated soybean seedling
roots under phosphorus sufficiency and deficiency.
The objectives were to (1) identify differentially
expressed genes (DEGs) in wild soybean seedling
roots under phosphorus deficiency, particularly up-
regulated transcripts associated with membrane lipid
phosphorus reusing and antioxidant protecting and
(2) determine the changes in metabolites caused by
changes in gene expression under phosphorus defi-
ciency. The overall objective is to identify key meta-
bolic pathways, key genes and key metabolites that
play crucial roles in the resistance of wild soybeans
to phosphorus deficiency, and to lay the theoretical
foundation for the development of soybean tolerant
to low phosphorus.
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Materials and methods
Plant materials and growth

The experimental materials, cultivated soy-
bean (Jinong24) (Glycine max) and wild soybean
(Huinan06116) (Glycine soja), were kindly pro-
vided by the Jilin Academy of Agriculture Science,
Changchun (China). The experiment was carried out
on May 10, 2019. Seeds of both lines were planted
in perforated pots of approximately 14 cm diameter,
23 cm high and 3.5 L volume filled with clean sand,
with one seedling per pot. Soybeans were cultivated
in the experimental site of Northeast Normal Univer-
sity, Changchun (China), where day/night tempera-
ture was 25+3/17+2 °C and relative humidity was
about 60%.

Stress treatments and plant harvest

When the third triple compound leaf emerged, the
seedling treatment began. Cultivated and wild soy-
bean were treated with both control and low-phospho-
rus, with 12 pots in each group. Seedlings of the con-
trol group were irrigated with a complete Hoagland
nutrient solution with a phosphorus concentration
of 2.0 mM. Seedlings of the low-phosphorus stress
group were irrigated with a Hoagland nutrient solu-
tion with a phosphorus concentration of 0.0025 mM,
in which KClI of equal concentration was used instead
of KH2PO4. After 6 days of treatment, three pots
were randomly selected from each group as three rep-
licates to use their roots for RNA extraction and anal-
ysis (Hosseini and Matthews 2014). After 14 days of
treatment, five pots were randomly selected from each
group to measure growth parameters and photograph
plant status, and each parameter was determined for
four replicates (Zhao et al. 2020). The roots of the
remaining four pots were used as four replicates for
metabolomics analysis (Zhang et al. 2016).

Growth parameter measurement and analysis

Root length, fresh weight and dry weight were deter-
mined according to Li et al. (Li et al. 2018). The
longest tap root of each plant was selected for meas-
urement. Data of growth parameter were presented

as mean =+ standard deviation of four biological rep-
licates. The data were obtained and analyzed using
SAS 9.2 (NCSU, N.C., USA).

Transcriptomics analysis
RNA extraction and sequencing

A NanoDrop 2000 (Thermo Scientific Inc., DE, USA)
was used to measure the concentration of RNA, and
the analysis kit in an Agilent Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA) was used
to assess the integrity of RNA. From each sample,
1 pg of RNA was used as input material to generate
a sequencing library using the NEBNext® Ultra™
RNA Library Prep Kit from Illumina® (www.inter
national.neb.com, USA). Library quality was assessed
on the Agilent Bioanalyzer 2100 system after purifi-
cation of the library fragments. The resulting libraries
were sequenced on the Illumina Hiseq platform and
reads were generated.

Data processing and analysis

Clean reads were processed by internal Perl scripts
and their Q20, Q30 and GC content and sequence
repeat levels were calculated. These pure reads were
then positioned to the reference genomic sequence
Williams 82 for analysis and annotation of exact
matches. After quantifying the gene expression lev-
els, the DESeq R software package (1.10.1) was used
to perform differential expression analysis for the
two conditions. Benjamini and Hochberg’s method
was used to adjust P-values, and genes with P-values
<0.05 were designated as DEGs (Liu et al. 2020). The
GOseq R program package was used to perform Gene
Ontology (GO) enrichment analysis on DEGs. The
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment of DEGs was carried out via the
online KEGG Automated Annotation Server (http:/
www.genome.jp/kegg).

Quantitative real-time PCR analysis of DEGs

Eight genes were randomly selected in wild and cul-
tivated soybean seedling roots, respectively. All 8
genes in wild soybean were differentially expressed
genes. There were 8 genes in cultivated soybean, and
6 of them were differentially expressed genes. Among
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these randomly selected genes, 3 genes existed in
both species and were differentially expressed under
low-phosphorus stress. Primers were designed using
Primer Premier 5.0 (Premier Biosoft International,
PaloAlto, CA, USA). Gene IDs and primer sequences
have been shown in Supplementary Table 1. Reverse
transcription kit (Aidlab Biotechnologies Co., Ltd.,
BJ, CHN) was used to reverse transcribe 0.5 pg of
RNA into cDNA. The qRT-PCR experiment was per-
formed by the analytikjena-qTOWER2.2 fluorescence
quantitative PCR instrument (Analytik Jena AG,
Jena, GER). Each gene was set up 3 replicates in each
sample. After initial denaturing at 95 °C for 3 min,
the reaction was followed by 39 cycles at 94 °C for
10 s and 58 °C for 30 s. At the same time, 18 s rRNA
(GYMAO6G315500WMB8B2A2V1) was selected as
the reference gene, which was verified to be stably
expressed in plants with good amplification efficiency
(Ma et al. 2016; Xiao et al. 2016). The compara-
tive CT method and SigmaPlot version 10.0 (Systat
Software Inc., CA, USA) were used for data analysis
(Schmittgen and Livak 2008).

Metabolomics analysis

Extraction and analysis of metabolites from seedling
roots

Root samples of 50 mg from cultivated and wild
soybean seedlings were mixed with 0.5 ml of meth-
anol-chloroform (3:1) and 60 pl of ribitol. After
centrifugation, the supernatant was placed into a
2-ml centrifuge tube. After drying, the samples
were mixed with 80 pl of methoxamine reagent and
placed in an oven for 2 h at 37 °C. Then, 100 pl of
Bis(trimethylsilyl) trifluoroacetamide (containing 1%
Trimethylchlorosilane, v/v) was added to each sam-
ple, mixed and stored for 1.5 h at 70 °C. After cooling
to room temperature, the metabolites were detected
using an Agilent 7890 gas chromatograph-mass
spectrometer.

Data analysis

ChromaTOF software (V 4.3x, LECO, St. Joseph,
MI, USA) and the EI-MS and FiehnLib databases
were used for data collection and pre-processing
as well as metabolite identification. The software
SIMCA-P 13.0 (Umetrics, Umea, Sweden) was used
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to perform data principal component analysis (PCA),
partial least squares discriminant analysis (PLS-DA),
orthogonal partial least squares discriminant analysis
(OPLS-DA) analysis and calculate variable impor-
tance values (VIP). The KEGG (www.genome.jP/
kegg) and Metaboanalyst 3.0 (www.metaboanalyst.
ca) databases were consulted to analyze metabolic
pathways. Data were expressed as mean =+ standard
error of four biological replicates.

Integration analysis

Pearson correlation coefficients for transcriptomic
and metabolomic data were calculated on Metaboana-
lyst 3.0 (www.metaboanalyst.ca). The integration net-
work was drawn on Cytoscape (version 3.8.2) based
on correlation coefficients between transcriptomic
and metabolomic data. The key mechanism for coun-
teracting phosphorus deficits was visualized using
Visio software (Office Visio 2013, 15.0, Microsoft
USA).

Results
Changes in root morphology

Root morphology of both wild and cultivated soy-
bean seedlings was affected by low phosphorus, but
with differences between them. Compared with con-
trol group, low phosphorus inhibited the number of
lateral roots of wild and cultivated soybean seedlings,
but promoted root length (Fig. 1). The length of the
longest tap root of wild and cultivated soybean seed-
lings increased, by 0.15- and 0.04-fold, respectively
(Table 1). After 14 days of low-phosphorus treatment,
the fresh and dry weight of roots decreased by 0.57-
and 1.10-fold in wild soybean and by 0.85- and 1.23-
fold in cultivated soybean, respectively (Table 1).
Thus, low phosphorus resulted in greater growth inhi-
bition to the roots of cultivated soybean than for wild
soybean seedlings.

Transcriptome analysis of roots under
low-phosphorus stress

After transcriptome analysis of wild and culti-
vated soybean roots under low-phosphorus stress, a
total of 89.42 Gb of clean data (Q30>93.96%) was
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Fig. 1 Root phenotypes of wild and cultivated soybean seedlings under control and low-phosphorus stress. GM, cultivated soybean;
GS, wild soybean; CK, control group; LP, low-phosphorus stress group

Table 1 Growth performance of wild and cultivated soybean seedling roots under control and low-phosphorus stress

Growth parameter GM GS
CK LP Fold changes CK LP Fold changes
(LP/CK) log,LP/CK)
Root length (cm) 29.80 +£0.38 30.70 + 0.49 27.00 + 0.08 30.00 + 0.33 0.15
Fresh weight of roots (g) 25.70 + 0.65 14.30 + 0.25 —0.85 ** 9.50 +0.57 6.40 + 0.09 -0.57
Dry weight of roots (g) 4.00 £ 0.02 1.70 £ 0.07 —1.23 ** 1.50 + 0.06 0.70 £ 0.02 —1.10 *

Data of growth parameter are presented as mean + standard deviation of four biological replicates (n =4); the fold-changes of root
length and weight are log2-transformed fold changes; GM, cultivated soybean; GS, wild soybean; CK, control group; LP, low-phos-
phorus stress group. * Significant at P <0.05, ** significant at P <0.01

obtained, and the clean data of each sample reached
6.52Gb. The clean reads of each sample showed
alignment rates of 89.01%-93.87% with the desig-
nated reference genome, and the percentage of CG
bases was 45.66%—46.23% (Table 2). After 6 days of
low-phosphorus treatment, 340 and 306 transcripts
were differentially expressed in wild and cultivated
soybean seedling roots, respectively, including 6
common DEGs (Fig. S2a, Supplementary Table 5).
There were 139 up-regulated and 201 down-regulated
genes found in wild soybean roots, and corespond-
ingly 200 and 106 in cultivated soybean (Fig. S2b).
For wild and cultivated soybean seedling roots, 232
and 230 DEGs were annotated, respectively. The
GO annotation analysis of DEGs showed that they
were mainly distributed in biological processes such
as metabolic process (GO:0008152) and response
to stimulation (GO:0050896), cell components
such as organelles (GO:0043226) and membranes
(GO:0016020) and molecular functions such as cata-
lytic activity (GO:0003824) and antioxidant activity

(GO:0016209) (Fig. 2). In addition, the KEGG path-
way enrichment analysis of DEGs showed that the
metabolic pathways enriched in wild soybean roots
included glutathione metabolism (ko00480), glyc-
erolipid metabolism (ko00561), phenylpropanoid bio-
synthesis (ko00940) and starch and sucrose metabo-
lism (ko00500). The metabolic pathways enriched in
cultivated soybean roots included phenylpropanoid
biosynthesis (ko00940) and glycerolipid metabolism
(ko00561) (Fig. 2, Supplementary Table 2).
Glutathione metabolism and phenylpropane bio-
synthesis play important roles in antioxidant protec-
tion, and this experiment mapped annotated tran-
scripts to these two pathways. Under low-phosphorus
stress, 6 up-regulated genes in wild soybean seedling
roots were annotated as genes encoding enzymes
involved in phenylpropane biosynthesis. Gene encod-
ing catechol O-methyltransferase (COMT) was up-
regulated by 1.41-fold in wild soybean seedling roots.
Genes encoding cationic perixidase (POD) were up-
regulated by 1.25-, 1.39-, 1.62-, 1.04- and 1.02-fold,
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Table 2 Mapping of RNA- Samples Total Mapped Cleanreads Clean bases GC Content % >Q30
S<?q data of 12 samples of Reads Reads
wild and cultivated soybean
to 're.ference genome GM-CK-1 54,707,3  51,351,6 27,353,658  8,145,506,544  45.75% 95.14%
Williams 82 16 63 (93.87%)
GM-CK-2 52918,7 49,3554 26,459,360  7,879,902,662 45.81% 94.95%
20 42 (93.27%)
GM-CK-3 44,6189 41,0157 22,309,467  6,644,366,766  46.23% 94.72%
34 44 (91.92%)
GM-LP-1 43,6424  40,330,9 21,821,243  6,516,060,464 45.93% 94.33%
86 70 (92.41%)
GM-LP-2  50,860,7 46,5873 25,430,370  7,572,905,036  46.19% 94.90%
40 04 (91.60%)
GM-LP-3  56,496,1  52,550,0 28,248,058  8,411,525,658 45.92% 95.09%
16 64 (93.02%)
GS-CK-1  59,486,0 53,9490 29,743,036 8,865,072,796  45.73% 94.40%
72 27 (90.69%)
GS-CK-2  46,720,1  42,028.4 23,360,075  6,952,562,524  45.66% 94.22%
50 97 (89.96%)
GS-CK-3 50,9794  45,378,8 25,489,732 7,595,103,360 45.73% 94.14%
64 22 (89.01%)
GS-LP-1 45,075,5 41,1132 22,537,756 6,716,515,614  45.66% 94.00%
12 92 (91.21%)
GS-LP-2 47,3455 432173 23,672,757  7,054,211,766  45.93% 94.35%
14 76 (91.28%)
GS-LP-3  47,420,0 43,1822 23,710,005  7,070,581,170  45.96% 93.96%
10 57 (91.06%)
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Fig.2 GO annotation and KEGG enrichment of DEGs in
wild and cultivated soybean seedling roots. A, GO annotation
of up-regulated genes in cultivated soybean seedling roots; B,
GO annotation of down-regulated genes in cultivated soybean
seedling roots; C, GO annotation of up-regulated genes in wild
soybean seedling roots; D, GO annotation of down-regulated
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genes in wild soybean seedling roots; E, KEGG enrichment
of up-regulated genes in cultivated soybean seedling roots; F,
KEGG enrichment of down-regulated genes in cultivated soy-
bean seedling roots; G, KEGG enrichment of up-regulated
genes in wild soybean seedling roots; H, KEGG enrichment of
down-regulated genes in wild soybean seedling roots
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Table 3 KEGG annotation, GO annotation and log,"™™® for some up-regulated genes in wild soybean seedling roots under low-

phosphorus stress

Gene ID log,™*®® " GO annotation

KEGG pathway annotation

Glyma.03G078300.Wm82.a2.vl 1.10%*

plasma membrane (GO:0005886); cel-

Glycerolipid metabolism (ko00561)

lular response to phosphate starvation
(GO:0016036); galactolipid biosyn-
thetic process (GO:0019375); UDP-
sulfoquinovose:DAG sulfoquinovosyl-
transferase activity (GO:0046510);

Glyma.08G175200.Wm82.a2.vl 1.86%*
Glyma.01G040000.Wm82.a2.vl 1.12%%*
Glyma.11G198500.Wm82.a2.vl 1.24%%

glutathione transferase activity
(GO:0004364); glutathione meta-
bolic process (GO:0006749); cellu-
lar response to phosphate starvation

Glutathione metabolism (ko00480)

(GO:0016036); response to oxidative
stress (GO:0006979);

Glyma.18G055500.Wm82.a2.vl 1.25%%
Glyma.03G208200.Wm82.a2.vl 1.39%*
Glyma.18G055400.Wm82.a2.vl 1.62%%*
Glyma.10G022500.Wm82.a2.v1 1.04%*
Glyma.09G277900.Wm82.a2.vl 1.02%%*
Glyma.07G048800.Wm82.a2.vl 1.41%%*

peroxidase activity (GO:0004601);

Phenylpropanoid biosynthesis (ko00940)

catechol O-methyltransferase

respectively, in wild soybean seedling roots (Table 3).
Three genes encoding glutathione-s-transferases
(GST) associated with scavenging reactive oxygen
species in glutathione metabolism were up-regulated,
by 1.86-, 1.12- and 1.24-fold, respectively, in wild
soybean seedling roots. The GO analysis showed
that they were involved in molecular functions (glu-
tathione transferase activity, GO:0004364) and bio-
logical processes (cellular response to phosphate
starvation, GO:0016036) (Table 3). In addition, under
phosphorus deficiency, plants can reuse phospho-
rus through membrane lipid remodeling. The results
showed that gene encoding a key enzyme sulfoqui-
novosyl transferase (SQD2) associated with mem-
brane lipid remodeling, was highly up-regulated by
1.10-fold in wild soybean roots under low-phospho-
rus stress, and was annotated as cellular phosphate
deficiency response (GO:0016036), plasma mem-
brane (GO:0005886) and galactolipid biosynthesis
process (GO:0019375) (Table 3).

Under low-phosphorus stress, gene encoding phos-
pholipase D associated with phospholipid degradation
was up-regulated by 1.54-fold in cultivated soybean
seedling roots. Three genes encoding cationic per-
oxidase (POD) in phenylpropanoid biosynthesis were
up-regulated, by 1.19-, 1.58- and 1.02-fold, respec-
tively, in cultivated soybean seedling roots. However,

three more genes encoding cationic peroxidase were
significantly down-regulated, by 1.86-, 1.15- and
1.30-fold, respectively, in cultivated soybean seedling
roots. In addition, TGA4 (TGACG motif-binding fac-
tor) gene associated with salicylic acid signaling in
cultivated soybean was down-regulated by 1.69-fold
under low-phosphorus stress, and was annotated as
cellular response to stress (G0O:0033554) in biologi-
cal processes. The gene encoding S-adenosylmethio-
nine decarboxylase was down-regulated by 1.57-fold
in cultivated soybean seedling roots. The gene encod-
ing asparagine synthase associated with nitrogen
metabolism was down-regulated by 1.07-fold in cul-
tivated soybean seedling roots, and was annotated as
ammonium ion metabolic process (GO:0097164) in
biological processes (Supplementary Table 6).

Transcription factors

Under low-phosphorus stress, differential expression
of 30 and 23 transcription factors was detected in wild
and cultivated soybean seedling roots, respectively.
Among them, MYB308 expression was greatly down-
regulated by 1.10-fold in wild soybean, but with no
significant change in cultivated soybean (Fig. 3, Sup-
plementary Table 3).
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scription factors in wild and
cultivated soybean seedling Hl—GS
roots under low-phosphorus —GM
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The validation of RNA-seq by qRT-PCR

To verify the reliability of RNA-seq results obtained
by sequencing on the Illumina platform, we randomly
selected 8 genes in wild and cultivated soybean seed-
ling roots, respectively, and verified the accuracy of
the RNA-seq data by qRT-PCR. The qRT-PCR results
for these randomly selected genes were consistent
with the trend of gene expression in the transcriptome
data, verifying the accuracy of the transcriptome data
(Fig. S1).

Metabolome analysis of roots under low-phosphorus
stress

In this experimental study, metabolomic tests and
analyses were further carried out on wild and culti-
vated soybean seedling roots under control and low-
phosphorus stress. The first principal component, sep-
arating the two research objects of wild and cultivated
soybean, scored 54.30% (Fig. 4a), with myo-inositol
and ethanolamine playing crucial roles in the separa-
tion (Fig. 4b, Supplementary Table 4). The second
principal component, separating the two treatments
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AP2/EFR-AP2 -
GARP-G2-like

Transcroption factor

of low phosphorus stress and control, scored 19.40%
(Fig. 4a), with sorbose and L-Malic acid playing
key roles in the separation (Fig. 4b, Supplementary
Table 4).

There were 36 differential metabolites screened
according to VIP (variable importance projection
values) > 1, similarity >700 and P<0.05 (Gao et al.
2019; Idborg et al. 2004), including the following
types: amino acids, fatty acids, organic acids, sugars
and sugar alcohols, and secondary metabolites. Com-
pared with control, the relative contents of glycine,
glutamic acid and putrescine in wild soybean seedling
roots increased, by 1.56-, 0.43- and 0.85-fold, respec-
tively, under low-phosphorus stress. Glutamic acid
and putrescine decreased by 0.85-fold, respectively,
and glycine increased by 0.35-fold in cultivated soy-
bean roots, but the change was not significant. The
relative level of glycerol-3-phosphate decreased by
1.19- and 0.09-fold in wild and cultivated soybean
roots, respectively. The relative levels of phenylala-
nine and tyrosine increased by 1.91- and 1.67-fold in
wild soybean roots and decreased by 0.52- and 0.30-
fold in cultivated soybean roots, respectively. The
4-vinylphenol increased by 6.13- and 0.01-fold in
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wild and cultivated soybean roots, respectively. After
low-phosphorus treatment, the relative content of
neohesperidin increased by 0.42-fold in wild soybean
roots, but decreased 0.07-fold in cultivated soybean.
The relative content of catechol increased by 0.21-
and 0.09-fold in wild and cultivated soybean roots,
respectively (Table 4).

Discussion

In response to low phosphorus, dry and fresh weight
revealed more inhibition of overall root growth in
cultivated soybean, compared to wild soybean, while
root length was not inhibited in either species. Under
low-phosphorus stress, the root lengths of wild and
cultivated soybean both increased, indicating that
both absorbed phosphorus by increasing root length.
In addition to changes in root morphology, wild
soybean also adjusted some metabolic pathways by
changing gene expression to better adapt to low phos-
phorus. Metabolomic and transcriptomic integration
analyses were performed to obtain a network of gene
and metabolite interactions in wild soybean roots
under low phosphorus stress (Fig. 5). Under low-
phosphorus stress, lipid remodeling could also change
the distribution of phosphorus in cells and so main-
tain the level of inorganic phosphorus. When plants
are in a phosphorus-deficient state, phospholipids are
degraded to generate free inorganic phosphorus and
so alleviate the harm of low-phosphorus stress, and
the consumed phospholipids could be replaced by

newly synthesized sulfolipids and glycolipids (Miil-
ler et al. 2015; Zhang et al. 2019). Phospholipases are
key enzymes that catalyse the hydrolysis of phospho-
lipids in membranes and play a very important role
in regulating plant development under phosphorus
deficiency (Deepika and Singh 2021). Previous stud-
ies have shown that SQD2 was involved in the reac-
tion of the UDP sulfoquinose with diacylglycerol
to form sulfolipids and maintained the membrane
stability of plants under phosphorus deficiency in
Arabidopsis (Yu et al. 2002); SQD2 has also been
identified as the responsive gene to phosphorus defi-
ciency (Okazaki et al. 2013; Wang et al. 2018). In this
study, the expression of the gene encoding SQD2 was
significantly increased, and the relative content of
glycerol-3-phosphate significantly decreased in wild
soybean roots. Gene encoding phospholipase D was
up-regulated, and level of glycerol-3-phosphate was
decreased in cultivated soybean seedling roots, but
to a lesser extent than in wild soybean. This showed
that cultivated soybean had the ability to reuse phos-
phorus internally, but less than that of wild soybean.
Although the phospholipids that make up biofilms
could be damaged by redistribution of phospho-
rus in the cell, the synthesis of sulfolipids would be
increased to maintain biofilm stability in wild soy-
bean. However, no significantly genetic changes
associated with sulfolipid synthesis were detected in
cultivated soybean seedling roots. The integrity and
stability of the membrane is essential for plants to
maintain normal metabolism and withstand adverse
external environments.
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Table 4 Changes in metabolite content of wild and cultivated soybean seedling roots under low-phosphorus stress

Metabolite name Relative concentration Fold changes
Log,MP/CK)
GM GS
CK LP CK LP GM GS
Amino acid
alanine 1.16 £ 0.05 1.42+0.29 1.38 +£0.10 1.69 +0.23 0.29 0.29
glycine 0.37 +0.02 0.47 + 0.05 0.20 + 0.01 0.59 +0.04 0.35 1.56%*
valine 0.65 + 0.08 0.53+£0.13 0.50 + 0.05 1.09 +0.14 -0.31 1.14%%
asparagine 0.07 +0.02 0.04 + 0.00 0.07 £ 0.02 0.31+£0.12 —-0.98 2.14
glutamic acid 0.03 + 0.00 0.02 + 0.00 0.02 + 0.00 0.03 +0.01 —0.85% 0.43
phenylalanine 0.07 +0.03 0.05 +0.01 0.05 £ 0.01 0.20 + 0.06 —-0.52 1.91*
tyrosine 0.02 +0.01 0.02 + 0.00 0.02 + 0.00 0.06 + 0.02 —-0.30 1.67
oxoproline 1.67 +0.44 1.36 + 0.31 291 £0.26 1.97 £ 0.31 -0.30 —-0.56
proline 0.24 +0.04 0.11 +0.04 0.21 £ 0.04 0.35 £ 0.07 —-1.11 0.73
Lipid
Ethanolamine 441+033 7.62 +0.28 4.05 +0.41 10.81 +0.53 0.79%* 1.42%%
D-Glyceric acid 0.14 + 0.00 0.24 +0.01 0.10 £ 0.01 0.35 £ 0.04 0.74%* 1.80%*
glycerol-3-phosphate 0.01 +0.00 0.01 +0.00 0.02 £ 0.00 0.01 £0.00 -0.09 -1.19%
Organic acid
succinic acid 2.74 +0.51 2.77+0.51 2.55+0.25 3.02+0.19 0.02 0.24
caffeic acid 0.15 +0.03 0.30 + 0.05 0.28 +£0.02 0.23 £0.04 0.96 -0.25
Pyruvic acid 0.13 +0.01 0.14 +0.02 0.08 + 0.00 0.19 £ 0.03 0.10 1.18%%*
4-aminobutyric acid 5.47 +0.50 7.94 +0.62 5.89+091 8.65 + 1.18 0.54* 0.55
L-Malic acid 10.56 +2.63 14.40 +3.91 19.60 + 1.54 20.49 £ 0.43 0.45 0.06
3-Cyanoalanine 0.51 £0.15 0.67 +0.16 0.42 +0.10 3.00 £ 0.89 0.40 2.83%
citric acid 0.68 + 0.26 1.57 £ 0.42 1.65 +0.20 2.70 £0.16 1.21 0.71%%*
4-Hydroxybenzoic acid 0.17 £ 0.04 0.18 +0.03 0.16 + 0.03 0.21 +0.03 0.12 0.35
4-hydroxycinnamic acid 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.05 £ 0.01 -0.05 —-0.08
Dehydroascorbic Acid 0.02 + 0.00 0.00 + 0.00 0.01 + 0.00 0.01 + 0.00 —8.30%* 0.17
salicylic acid 0.01 +0.00 0.01 + 0.00 0.02 + 0.00 0.02 + 0.00 —-0.15 0.26
Sugars and polyols
fructose 6.71 £ 0.87 5.65 + 0.80 3.92 +£0.50 4.81+0.77 -0.25 0.30
glucose 420 +0.57 4.22 +0.32 2.10+£0.25 3.22+0.40 0.01 0.62
mannitol 0.22 +0.01 0.22 +0.02 0.07 £ 0.01 0.12 +0.04 0.02 0.71
ribose 0.66 + 0.04 1.20 +0.10 0.41 +0.03 1.26 + 0.16 0.87%* 1.60%*
Erythrose 0.11 +0.01 0.07 + 0.00 0.04 + 0.00 0.03 + 0.00 —0.66%* —0.15
myo-inositol 9.20 +0.54 20.28 +0.40 8.58 £0.16 21.71 £ 1.04 1.14%%* 1.34%%
phosphorous compounds
glucose-6-phosphate 0.01 +0.00 0.00 + 0.00 0.02 + 0.00 0.00 + 0.00 —2.27* —2.69%*
Fructose 2,6-biphosphate degr prod 0.06 + 0.01 0.04 +0.01 0.09 +0.01 0.04 + 0.00 —0.83* —1.03*
pyridoxal phosphate 0.02 +0.01 0.03 +0.01 0.06 + 0.02 0.05 £ 0.03 0.59 -0.21
Secondary metabolites
Neohesperidin 0.00 + 0.00 0.00 + 0.00 0.01 £+ 0.00 0.01 + 0.00 -0.07 0.42
catechol 0.01 +0.00 0.01 + 0.00 0.01 + 0.00 0.01 +0.00 0.09 0.21
putrescine 0.23 +£0.04 0.13 +0.02 0.10 + 0.00 0.17 £ 0.04 -0.85 0.85
4-Vinylphenol 0.01 +0.00 0.01 + 0.00 0.00 + 0.00 0.01 +0.00 0.01 6.13%%*

The fold-changes of metabolites are log2-transformed fold changes. Data are presented as mean +standard error of four biological replicates (1 =4)

Under low-phosphorus stress, the electron transfer of oxygen free-radicals and increased membrane lipid
system is slowed, leading to excessive accumulation peroxidation injury in plants (Juszczuk et al. 2001).
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Fig. 5 Integration network of metabolites and genes in
wild soybean seedling roots under low-phosphorus stress.
Genes and metabolites are represented by numbers and let-
ters, respectively. 1, Glyma.07G048800.Wm82.a2.vl; 2,
Glyma.03G208200.Wm82.a2.v1; 3, Glyma.09G277900.
Wm82.a2.vl; 4,  Glyma.10G022500.Wm82.a2.vl; 5,
Glyma.18G055400.Wm82.a2.v1; 6, Glyma.18G055500.
Wm82.a2.v1; 7, Glyma.07G032700.Wm82.a2.v1; 8,
Glyma.03G078300.Wm82.a2.vl; 9,  Glyma.03G018900.
Wm82.a2.vl; 10, Glyma.20G238000.Wm82.a2.vl; 11,

Previous studies have shown that GST acts as an anti-
oxidant enzyme that catalyzes the conversion of glu-
tathione to glutathione disulfide (Nianiou-Obeidat
et al., 2017; Rahantaniaina et al. 2013). This process
can eliminate the toxicity of reactive oxygen and cata-
lyze the reversible S-glutathionization of protein thiol
residues, thereby ensuring that membrane structure and
protein are protected from oxidative damage (Srivalli
and Khanna-Chopra 2008). The integrated analysis
of transcriptomics and metabolomics showed that in
the glutathione metabolism pathway, the gene encod-
ing GST was significantly up-regulated, and the rela-
tive contents of glutamate, glycine and putrescine were
significantly increased in wild soybean roots. Glutamic
acid and glycine can be used as precursors for the glu-
tathione synthesis (Hasanuzzaman et al. 2017). Due to
its polycationic nature, putrescine can interact directly
with oxygen radicals to scavenge reactive oxygen spe-
cies and can also transmit stress signals (Gupta et al.

— High correlation between genes and metabolites

Glyma.01G040000.Wm82.a2.v1; 12,  Glyma.11G198500.
Wm82.a2.vl; 13, Glyma.11G024000.Wm82.a2.vl; 14,
Glyma.08G175200.Wm82.a2.v1; A, 4-vinylphenol; B, pheny-
lalanine; C, tyrosine; D, neohesperidin; E, 4-hydroxycinnamic
acid; F, catechol; G, caffeic acid; H, D-glyceric acid; I, glyc-
erol-3-phosphate; J, ethanolamine; K, oxoproline; L, putrescine;
M, glutamic acid; N, dehydroascorbic acid; O, glycine. The
thicker the edge is, the stronger the correlation is. The size of a
node is proportional to the correlation between nodes

2013). This suggests that at low-phosphorus levels,
wild soybean could enhance the activity of the antioxi-
dant enzyme GST and promote the synthesis of antiox-
idants to scavenge the excess reactive oxygen species
generated by phosphorus deficiency.

Phenylalanine and tyrosine are used as precursors
to synthesize a variety of secondary metabolites in the
phenylpropane biosynthetic pathway (Dong and Lin
2021). COMT is used to catalyze the conversion of caf-
feic acid to ferulic acid and is involved in synthesis of
syringyl units. Studies have shown that COMT expres-
sion increases the syringyl/guaiacyl ratio, which in turn
is beneficial for improving plant stress tolerance (Van-
holme et al. 2008; Yang et al., 2020). Under low-phos-
phorus stress, COMT overexpression in tomato plants
can enhance low-phosphorus tolerance by increasing
the absorption, transportation and utilization of phos-
phorus (Yang et al., 2020). Transcriptomics analysis
showed that under low-phosphorus stress, the genes
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encoding COMT and peroxidase were up-regulated,
resulting in the activation of phenylpropane biosynthe-
sis in wild soybean roots. This result was further vali-
dated by metabolomic analysis, which showed that the
relative levels of phenylalanine, tyrosine, neohesperidin
and catechol all obviously increased in wild soybean
roots. Thus, precursors would accumulate and expres-
sion of key genes would be enhanced in phenylalanine
biosynthesis of wild soybean, promoting phenylalanine
metabolism to produce secondary metabolites such as
neohesperidin and catechol. These metabolites can help
plants scavenge reactive oxygen species and improve
their tolerance to phosphorus deficiency (Liu et al.
2020; Pontigo et al. 2018) (Fig. 6). The expression of
gene encoding peroxidase was disordered, and the lev-
els of phenylalanine, tyrosine and 4-hydroxycinnamic
acid were significantly decreased in cultivated soybean
seedling roots. Under low-phosphorus stress, genes and
metabolites of phenylpropanoid biosynthesis changed
irregularly in cultivated soybean seedling roots.

There are many transcriptional repressors
in the MYB transcription factor family whose

-2 2

i /
— Metabolite -7
— Gene |

.— No significant change ’

YUy nnmanay

B phenylalanine —PAL 5 Cinnamic acid
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down-regulation has a facilitative effect on metabolic
processes (Jiao et al. 2019). Studies have shown that
MYB308 overexpression in tobacco and snapdragon
inhibits the activity of 4-coumaric acid: CoA ligase,
cinnamic acid-4-hydroxylase and cinnamyl alcohol
dehydrogenase in phenylpropane metabolism and
leads to a reduction in lignin monomers and phenolic
acid content, leaving plants vulnerable to adverse
environmental stresses (Omer et al. 2013; Tamag-
none et al. 1998). In this study, the MYB308 gene in
wild soybean seedling roots was significantly down-
regulated. Under low-phosphorus stress, the down-
regulation of MYB308 provides further evidence for
enhanced phenylpropane metabolism in wild soy-
bean. It is clear from these changes that phenylpro-
pane metabolism is of great help to wild soybean in
resisting low-phosphorus stress.

Under low-phosphorus stress, genes associated with
salicylic acid signaling, S-adenosylmethionine decarbox-
ylase and asparagine synthase were significantly down-
regulated in cultivated soybean seedling roots. The levels
of salicylic acid, putrescine and some important amino
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Fig. 6 Key mechanisms of resistance to low phosphorus stress
in wild soybean. PAL, phenylalanine ammonia lyase; C4H,
cinnamate-4-hydroxylase; TAL, tyrosine ammonia lyase; C3H,
p-coumaric acid 3-hydroxylase; F5SH, Ferulate-5-hydroxylase;
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acids such as aspartic acid, asparagine and glutamic acid
also decreased obviously. Network obtained by metabo-
lomic and transcriptomic integration analyses revealed
that salicylic acid signaling and important amino acid
metabolism were severely inhibited in cultivated soybean
seedling roots under low-phosphorus stress (Fig. S3).
This led to weakened signal transduction and active oxy-
gen scavenging in cultivated soybeans, and cultivated
soybeans were susceptible to membrane lipid damage
caused by low phosphorus (Gupta et al. 2017; Liu et al.
2015; Sun et al. 2018; Zhang et al. 2019). More seri-
ously, the negative impact of low-phosphorus stress on
basic metabolism such as nitrogen metabolism in culti-
vated soybeans made plants unable to maintain normal
life activities (Laure et al. 2010, 2016). The weaker plant-
soil adaptation of cultivated soybeans than wild soybeans
may be due to the low phosphorus effectiveness to crops
in intensive agricultural and the loss of plant resistance in
the pursuit of high-quality traits during artificial domesti-
cation of cultivated soybeans.

Conclusion

The damage from an adverse environment to plants
depends on the type, intensity and time of stress and the
adaptation of plants to an adverse environment depends
on morphological structure, physiology, biochemistry
and intracellular molecular metabolism. In this experi-
ment, integrated transcriptomic and metabolomic analy-
ses confirmed that wild soybean degrades phospholipids
to release phosphorus for plant reuse. In addition, wild
soybean synthesizes sulpholipids to replace phospholipids
and enhances phenylpropane biosynthesis and glutathione
metabolism to scavenge reactive oxygen species to main-
tain the stability of the membrane system, helping plants
to survive phosphorus deficiency. Under low-phosphorus
stress, salicylic acid signaling and important amino acid
metabolism are more sensitive in cultivated soybean seed-
ling roots. This may explain the vulnerability of cultivated
soybean to phosphorus deficiency in soil. This study pro-
vides a theoretical basis for developing cultivated soybean
varieties that are tolerant of nutrient-poor soils.
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