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Using transcriptomic and
metabolomic data to investigate
the molecular mechanisms that
determine protein and oil
contents during seed
development in soybean
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Innovation Center for Modern Crop Production, Nanjing Agricultural University, Nanjing, China

Soybean [Glycine max (L.) Merri.] is one of the most valuable global crops. And
vegetable soybean, as a special type of soybean, provides rich nutrition in
people’s life. In order to investigate the gene expression networks and
molecular regulatory mechanisms that regulate soybean seed oil and protein
contents during seed development, we performed transcriptomic and
metabolomic analyses of soybean seeds during development in two soybean
varieties that differ in protein and oil contents. We identified a total of 41,036
genes and 392 metabolites, of which 12,712 DEGs and 315 DAMs were
identified. Analysis of KEGG enrichment demonstrated that DEGs were
primarily enriched in phenylpropanoid biosynthesis, glycerolipid metabolism,
carbon metabolism, plant hormone signal transduction, linoleic acid
metabolism, and the biosynthesis of amino acids and secondary metabolites.
K-means analysis divided the DEGs into 12 distinct clusters. We identified
candidate gene sets that regulate the biosynthesis of protein and oil in
soybean seeds, and present potential regulatory patterns that high seed-
protein varieties may be more sensitive to desiccation, show earlier
photomorphogenesis and delayed leaf senescence, and thus accumulate
higher protein contents than high-oil varieties.
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Introduction

Soybean [Glycine max (L.) Merri.] is one of the most
valuable global crops. Vegetable soybean is a type of soybean
typically harvested during the R6-R7 stage, at which its pods and
seeds are suitable for eating (Young et al., 2000). Soybean seeds
contain approximately 40% protein and 20% oil (Chaudhary
et al,, 2015; Li et al,, 2015). Optimizing carbon flux towards the
synthesis of fatty acids (FAs) and amino acids and improving
seed quality has always been a major objective of soybean
breeding programs (Bhati et al., 2021). However, the negative
correlations between seed protein content with seed oil content
and seed yield have hindered progress (Chung et al., 2003; Patil
et al., 2017).

Soybean seed oil is mostly comprised of triacylglycerols
(TAGs), which have three acyl groups stemming from five
fatty acids: linolenic acid, stearic acid, linoleic acid, oleic
acid, and palmitic acid (Clemente and Cahoon, 2009). In
plants, TAG biosynthesis entails de novo FA biosynthesis
within plastids as well as TAG assembly in the endoplasmic
reticulum (ER) (Bates, 2016; Xu and Shanklin, 2016). The
enzyme acetyl-CoA carboxylase initiates the de novo FA
biosynthesis pathway by converting acetyl-CoA to malonyl-
CoA (Salie and Thelen, 2016). The newly synthesized FAs are
activated by conversion to FA acyl-CoAs by long-chain acyl-
CoA synthetase (LACS), and are then transported to the ER for
TAG biosynthesis.

The protein of soybean seeds has 18 amino acids and
includes all nine essential amino acids. Of these, there is a
deficiency of Cys, Trp, and Met (Zhang et al, 2018). These
amino acids are essential for seed development metabolism.
While free amino acids (FAAs) are involved in synthesizing
seed-storage proteins, one of their most important roles, they are
also precursors to the secondary metabolite biosynthesis and
provide energy. In addition, amino acids are efficiently
catabolized through the tricarboxylic acid (TCA) cycle (Less
and Galili, 2009; Kirma et al., 2012).

The levels of individual amino acids vary greatly during seed
development. In Arabidopsis, young seeds accumulate mostly
Ser, Glu, Gln, Gly, and Ala at 6 days after flowering (DAF).
However, at 11 DAF, Leu and Val levels significantly increase.
Subsequently, higher Ser and Gly levels were observed at 16 DAF
(Baud et al., 2002).

Amino acids in plants are synthesized via branched
pathways (Less and Galili, 2008; Pratelli and Pilot, 2014). The
carbon skeleton for Gln, Glu, proline (Pro), and Arg biosynthesis
comes from the Krebs cycle intermediate 2-oxoglutarate. The
first precursor for synthesizing the following six amino acids is
oxaloacetate: methionine (Met), threonine (Thr), asparagine
(Asp), isoleucine (Ile), lysine (Lys), and aspartate (Asn).
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Pyruvate is used to synthesize alanine (Ala), valine (Val), and
leucine (Leu), while tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe), all of which are aromatic amino acids,
are derived from the shikimate pathway. A precursor of serine
(Ser) is 3-phosphoglycerate, which leads then to synthesis of
glycine (Gly) and cysteine (Cys).

Previous studies used a variety of populations and
various mapping methods to identify 248 and 327 quantitative
trait loci (QTL) for soybean seed protein and seed oil
content, respectively (SoyBase, https://www.soybase.org).
Genome-wide association studies (GWAS) were used to find
novel loci for soybean oil and protein contents (Li et al., 2018;
Lee et al.,, 2019; Zhang et al., 2021). However, the
mechanisms underlying soybean seed development and the
regulation of protein and oil biosynthesis have not been
comprehensively investigated.

In order to obtain a more complete understanding of the
genetic basis of seed oil and protein accumulation in soybean, we
conducted transcriptomic and metabolomic analyses of
developing soybean seeds. We identified potential key
regulators that regulate the biosynthesis of protein and oil in
soybean seed and present potential regulatory patterns. Our
study provides a valuable resource for the genetic improvement
of soybean seed quality through molecular breeding.

Materials and methods
Plant materials and tissue preparation

For this experiment, we selected two soybean cultivars,
namely, ‘NPS233’ and ‘NPS301’, to evaluate the variations in
protein and oil contents. ‘NPS233’ accumulates more protein
and less oil in the seeds compared to ‘NPS301°, which is a high
oil/low protein variety (Table 1). The plant materials were
cultivated at the Luhe experimental base of Jiangsu Academy
of Agricultural Sciences in Nanjing, China, in the summer of
2021. Seed samples were collected at four developmental stages;
7 DAF (days after flowering), 14 DAF, 21 DAF, and 28 DAF,
frozen in liquid nitrogen and stored at -80°C for further
metabolite determinations and extraction of RNA.

Measurement of protein and oil

For measurement of samples protein and oil content (%),
~20 g seeds were grounded to powder and analyzed by Kjeldahl
Method and Soxhlet extraction, respectively (Bremner, 1960;
Fehr et al., 1968). Samples protein and oil content (%) were
averaged over three replications.
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TABLE 1 Phenotypic differences between ‘NPS233’ and ‘NPS301'".

Material Leaf = Whole growth HSW Plant Number of main Oil content (ug/mg)  Protein content (ug/mg)

type period (day) (®) height stem nodes
(cm) 7 14 21 28 7 14 21 28
DAF DAF DAF DAF DAF DAF DAF DAF
NPS$233 oval 105 258 69 18 69.6 730 659 819 423 1167 1517 2056
NPS301  circular 120 20.1 44 12 756 943 1265 1241 339 735 1200 1695

HSW, Hundred-seed weight; DAF, days after flowering.

Extracting of metabolites following: ion source, turbo spray; source temperature, 550°C;
ion spray voltage, (IS) 5500 V (positive ion mode)/-4500 V

Biological samples were vacuum freeze-dried with a (negative ion mode); ion source gas I (GSI), gas II (GSII), and
lyophilizer (Scientz-100F) and then crushed with a mixer mill curtain gas (CUR) were set at 50, 60, and 25.0 psi, respectively;
(MM 400, Retsch) and a zirconia bead at 30 Hz for 1.5 min. 100 collision-activated dissociation (CAD) was high. Instrument
mg samples of lyophilized powder were dissolved in a solution of tuning and mass calibration were carried out using 10 and 100
1.2 ml 70% methanol, vortexed every 30 minutes for 30 seconds Hmol/L polypropylene glycol solutions in QQQ and LIT modes,
(six total vortexes), and maintained overnight at 4°C. Extracts respectively. QQQ scans were obtained with MRM experiments
were filtered (SCAA-104, 0.22um pore size; ANPEL, Shanghai, with collision gas (nitrogen) set to medium. DP and CE for
China; http://www.anpel.com.cn/) after they were centrifuged individual MRM transitions were performed using additional
for 10 min at 16,000 g. They were then used in UPLC- optimization of DP and CE. Certain MRM transitions were
MS/MS analysis. observed during each time period according to the eluted

metabolites within that time frame.

UPLC conditions Principal component analysis

Samples were analyzed with a UPLC-ESI-MS/MS system
(UPLC, Shimadzu Nexera X2, www.shimadzu.com.cn/; MS,
Applied Biosystems 4500 Q TRAP, www.appliedbiosystems.

PCA was not supervised and was carried out with the
statistics function prcomp in R (www.r-project.org). Prior to
this analysis, the data were subjected to unit variance scaling.
com.cn/) using the following conditions: UPLC; the column

was an Agilent SB-C18 (1.8 um, 2.1 mmx100 mm); mobile phase

used solvent A, pure water with 0.1% formic acid, and solvent B, Pearson correlation coefficients and
and acetonitrile with 0.1% formic acid. Samples were separated hierarchical cluster an alysis

using a gradient program starting at 95% A, and 5% B. After
9 min, a linear gradient to 5% A, 95% B was set, and a Sample and metabolite HCA results are displayed as

composition of 5% A, 95% B was maintained for 1 min, after heatmaps with dendrograms, and the Pearson correlation

. . o o . .
which a composition of 95% A, 5% B was attained after 1.10 min coefficients (PCC) of the samples were assessed using the cor

and maintained for 2.9 min. The flow velocity, column oven function in R and only displayed as heatmaps. The R package
pheatmap was used to perform both PCC and HCA. For the

HCA, a color spectrum was used to display the normalized

temperature, and injection volume were 0.35 ml per minute, 40°
C, and 4 pl, respectively. An ESI-triple quadrupole-linear ion

trap (QTRAP)-MS was connected with the effluent. metabolite signal intensities with unit variance scaling.

ESI-Q TRAP-MS/MS Identifying differential metabolites

Triple quadrupole (QQQ) and LIT were obtained using a Metabolites that were significantly regulated among groups
triple quadrupole-linear ion trap mass spectrometer (Q TRAP), were identified using VIP >1 and absolute Log,FC
AB4500 Q TRAP UPLC/MS/MS System, with an ESI Turbo Ion- ( | Log,FC | >1). The values of the VIP were obtained based on
Spray interface that was placed in positive and negative ion the results of OPLS-DA, which was produced with the R package
modes and operated using Analyst 1.6.3 software (AB Sciex). MetaboAnalyst R and also provided the score plots and
The parameters of the ESI source operation included the permutation plots. Prior to OPLS-DA, all data were mean-
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centered and log transformed (log,). A permutation test with
200 permutations was conducted to prevent overfitting.

Analysis of enrichment and KEGG
annotation

The KEGG Compound database (http://www.kegg.jp/kegg/
compound/) was used to annotate the resulting metabolites,
which were subsequently mapped to the KEGG Pathway
database (http://www.kegg.jp/kegg/pathway.html). Pathways
with significantly regulated metabolites were then inputted
into MSEA (metabolite sets enrichment analysis), and the p-
values from a hypergeometric test were used to assess
their significance.

RNA extraction and transcriptome
sequencing

Total RNA was extracted from soybean samples using the
RNAprep Pure Plant Kit (TSINGKE, TSP412). RNA
quantification and cDNA library construction were performed
according to the methods described by Lu et al. (2018). The
libraries were sequenced using Illumina NovaSeq S6000. Three
biological replicates were included in each experiment.

Quality control of data

Fast p v 0.19.3 was used to sort the original data, and filter
DNA sequencing reads with adapters. Reads with Ns (unknown
base calls) higher than 10% of base read numbers were
discarded, as were sequencing reads with >50% low-quality (Q
<20). The resulting clean reads were used to perform all
subsequent analyses.

Mapping reads to reference genomes

Reference genomes and their related annotation files were
obtained from the designated website, while HISAT v2.1.0 was
used to generate the index. Clean reads were cross-referenced
with the reference genome (Wm82.a2.v1).

Quantifying levels of gene expression

FeatureCounts v1.6.2 was used to analyze gene alignment,
after which gene length was used to establish the FPKM
(fragments per kilobase of transcript per million mapped
reads) for each gene, which is the most common method of
assessing levels of gene expression.
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Analyzing differences

The differential expression between the two groups was
analyzed using DESeq2 v1.22.1, while the P value was
corrected with the Benjamini & Hochberg method. The
resulting P values and [log, fold-change| were used to
categorize significant differences in gene expression.
Differentially expressed genes were assessed according to the
following parameters: corrected P-value of 0.05 and absolute fold
change 22 (Mao et al,, 2005).

Analysis of differential gene enrichment

The hypergeometric test was used to perform enrichment
analysis, while DEG enrichment in KEGG pathways was
assessed with KOBAS software (Mortazavi et al,, 2008). GO
(Gene Ontology) was performed using the GOseq (v3.10.1)
(Gotz et al., 2008).

Results
Metabolome profiling

To generate comprehensive metabolic regulatory networks
of soybean seed at different developmental periods, we collected
soybean seed samples from two soybean varieties at 7 days after
flowering (DAF), 14 DAF, 21 DAF, and 28 DAF. Seeds of the
soybean variety ‘NPS233’ accumulate more protein and less
oil than seeds of ‘NPS301’ at all four seed developmental
periods (Figures 1A, B). The experiment consisted of three
biological replicates, each of which was a pool of seeds from
five plants.

The metabolomes of the 24 samples were profiled using the
widely-targeted UPLC-MS/MS metabolic profiling approach.
We detected 392 compounds that could be grouped into 11
classes, including 25 alkaloids, 58 amino acids and derivatives,
52 flavonoids, 68 lipids, 39 nucleotides and derivatives, 32
organic acids, 30 phenolic acids, 23 terpenoids, 16 saccharides
and alcohols, 14 vitamins, and 35 other compounds (Table S1).
Among the metabolite classes, lipids, amino acids and
derivatives, and flavonoids were the most abundant.

We performed hierarchical clustering analysis of the 24
samples (7, 14, 21, and 28 DAF for the two varieties), and the
results showed that the three biological replicates from each
developmental stage grouped together, which suggested that the
generated metabolome data was highly reliable (Figure 1C). The
metabolites were clustered into three main groups, indicating
that there are distinct accumulation levels among the samples
taken at four stages of seed development (7, 14, 21, and 28 DAF).
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FIGURE 1

Phenotypic difference and 392 detected metabolites between ‘NSP233" and 'NPS301". (A) Protein content of 7 DAF, 14 DAF, 21 DAF and 28DAF
(B) Oil content of 7 DAF, 14 DAF, 21 DAF and 28 DAF. (C) The hierarchical clustering analysis of the 24 soybean seed samples. (D) Principal
component analysis of the seed samples, each circle represents a sample. For hierarchical clustering analysis, normalized signal intensities of
metabolites (unit variance scaling) are visualized as a color spectrum.7 DAF, NPS233-1 and NPS301-1; 14 DAF, NPS233-2 and NPS301-2; 21 DAF,

NPS233-3 and NPS301-3; 28 DAF, NPS233-4 and NPS301-4

The results of principal component analysis (PCA) grouped
the eight samples into four discreet clusters (Figure 1D). The first
principal component (PC1, 36.45%) effectively separated the 7
DAF samples from the other three samples, implying that there
are changes in metabolite accumulation during soybean
seed development.

Analysis of the differentially accumulated
metabolites

To identify the differentially accumulated metabolites
(DAMs) between each pairwise comparison of soybean seed
samples, we analyzed three biological replicates of seeds from the
two soybean varieties at four different growth periods (NPS233-
1, NPS233-2, NPS233-3, and NPS233-4; NPS301-1, NPS301-2,
NPS301-3, and NPS301-4). Metabolites with variable
importance in projection (VIP) =1 and fold-change >2 or <0.5
were considered to be DAMs. We performed two separate types
of analyses of the DAMs; the first between the different growth
periods of the same variety, and the second between the two
varieties at the same growth period. As a result, 315 DAMs were
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detected; in the first group of analyses these included 209, 203,
and 203, and 179, 179, and 192 DAMs in NPS233-1 vs. NPS233-
2, NPS233-1 vs. NPS233-3, and NPS233-1 vs. NPS233-4, and
NPS301-1 vs. NPS301-2, NPS301-1 vs. NPS301-3, and NPS301-
1 vs. NPS301-4 (Table S2). In the second group of analyses, we
detected 69, 104, 45, and 37 DAMs in the NPS301-1 vs. NPS233-
1, NPS301-2 vs. NPS233-2, NPS301-3 vs. NPS233-3, and
NPS301-4 vs. NPS233-4 comparisons, respectively (Table S2).
Among the DAMs, we detected 49 flavonoids, 48 lipids, and 44
amino acids and derivatives, and these were the most abundant.

Comparative analysis of the six groups of DAMs identified 274
and 235 DAMs in the NPS233 and NPS301 comparisons within the
groups of seed samples, respectively. Moreover, 69 and 30
metabolites were exclusively differentially accumulated in the
NPS233 and NPS301 groups, respectively. There were 20
differentially accumulated lipids and six differentially accumulated
amino acids and derivatives in the NPS233 groups; we found that one
phospho-sugar and one sugar acid, D-fructose 6-phosphate and D-
glucuronic acid, were differentially accumulated exclusively in
NPS233. Also, one lipid and five amino acids and derivatives were
exclusive to the NPS301 groups, but no differentially-accumulated
saccharides were found.
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Furthermore, we investigated DAMs with different
accumulation patterns, which included some intermediates of
the TCA cycle; for example, o-ketoglutaric acid, a ketone
derivative of glutaric acid, was up-regulated in NPS233 versus
NPS301 in developmental period 2 (14 DAF). a-ketoglutarate is
its carboxylate and is also known as 2-oxoglutarate; it is a keto
acid generated by deaminating glutamate and an intermediate
during the Krebs cycle.

We next performed KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway enrichment analysis. The top enriched
KEGG terms annotated for all the comparisons were “flavone
and flavonol biosynthesis”, “pyrimidine metabolism”,
“isoflavonoid biosynthesis”, “biosynthesis of amino acids”,

» o«

“biosynthesis of secondary metabolites”, “ABC transporters”,
“zeatin biosynthesis”, and “aminoacyl-tRNA biosynthesis”
(Figure S1).

In addition, DAM comparisons between the samples from
NPS301 revealed an enrichment of KEGG terms related to

» o«

“cyanoamino acid metabolism,” “2-oxocarboxylic acid
metabolism”, and “pyruvate metabolism”. The top enriched
KEGG terms in the comparisons of the NPS233 samples were
“flavonoid biosynthesis”, “folate biosynthesis”, “galactose
metabolism”, “biotin metabolism”, “alanine, aspartate and
glutamate metabolism”, and “cysteine and methionine

metabolism” (Figure S1).

Differentially expressed gene analysis

To investigate the molecular mechanisms underlying the
regulation of protein and oil biosynthesis in the soybean seed
developmental periods, we performed RNA-seq analysis for the
two varieties. A total of 47.0 million clean DNA sequencing
reads were generated, of which 94.79% had a Phred quality score
of Q30 or greater (Table S3). The mapping statistics of the
sequencing libraries are summarized in Table S4. We identified
1,176 novel genes, of which 394 were successfully annotated. In
total, 41,036 genes were found to be expressed in at least one
sample (Table S5).

The dataset was used to identify differentially expressed
genes (DEGs). We performed two separate analyses of the
DEGs; the first was between the different growth periods of
the same variety, and the second was between the two varieties at
the same growth period. The pairwise comparisons of samples
from NPS301 and NPS233 detected 12,906 DEGs in total
(Table S6). The pairwise comparisons NPS233-1 vs. NPS233-2,
NPS233-1 vs. NPS233-3, and NPS233-1 vs. NPS233-4 identified
3,341 (1,887 upregulated; 1,454 downregulated), 4,015 (2,314
upregulated; 1,701 downregulated) and 3,991 (2,228
upregulated; 1,763 downregulated) DEGs, respectively. The
pairwise comparisons NPS301-1 vs. NPS301-2, NPS301-1 vs.
NPS301-3, and NPS301-1 vs. NPS301-4 identified 7,889 (4,539
upregulated; 3,350 downregulated), 7,730 (4,505 upregulated;

Frontiers in Plant Science

06

10.3389/fpls.2022.1012394

3,225 downregulated) and 8,234 (4,747 upregulated; 3,487
downregulated) DEGs, respectively (Figure 2A; Table S6).

We identified 1,676 DEGs across the three compared groups
from NPS233 and 4,420 DEGs from the comparative analysis of
the NPS301 samples (Figures 2B, C), suggesting that these core
conserved DEGs may be associated with the accumulation of
soybean protein and oil contents, respectively.

We detected 655 DEGs through pairwise comparisons
between the two soybean varieties at the same growth period,
including 242, 366, 236, and 169 DEGs in NPS301-1 vs. NPS233-
1, NPS301-2 vs. NPS233-2, NPS301-3 vs. NPS233-3, and
NPS301-4 vs. NPS233-4, respectively (Table S6).

To further analyze the potential function of these DEGs, we
conducted a KEGG pathway enrichment analysis. The top enriched
KEGG terms annotated for all the compared groups were “carbon

» « »

metabolism”, “glycerolipid metabolism”, “linoleic acid metabolism”,

»

“plant hormone signal transduction”, “biosynthesis of secondary
metabolites”, “glycosylphosphatidylinositol (GPI)-anchor
biosynthesis”, “beta-alanine metabolism”, and “other
glycan degradation”.

Notably, the DEGs in the three NPS233 comparison groups
were enriched in the KEGG terms “biosynthesis of amino acids”,
“ribosome”, “glycolysis/gluconeogenesis”, “nitrogen
metabolism”, “fatty acid degradation”, and “pantothenate and
CoA biosynthesis”. KEGG pathway enrichment analysis of
DEGs in the pairwise comparisons of NPS301 samples
indicated that these genes were involved in several metabolic
processes including “fatty acid elongation”, “sphingolipid
metabolism”, “fatty acid metabolism”, “pyruvate metabolism”,
and “citrate cycle (TCA cycle)” (Figure S2).

DEGs that respond to soybean seed
development

To gain further insights into gene expression changes that
occurred over the four soybean seed developmental periods, we
performed k-means clustering of the DEGs based on their
expression patterns and obtained 12 clusters (Figure S3;
Table S7).

The DEGs in clusters 1, 6, 7, and 8 showed similar
expression trends in which the expression levels gradually
decreased after the second development period (samples
NPS301-2 and NPS233-2). DEGs in clusters 3 and 12 showed
an increase in expression in the first three periods, after which
the expression of these DEGs decreased in the fourth period.
Notably, the DEGs in clusters 3 and 12 showed different
expression levels in NPS233 and NPS301, indicating that the
DEGs in cluster 3 may be mainly related to protein content,
while the DEGs in cluster 12 may be mainly related to oil
content. The relative expression levels of DEGs in clusters 2, 4, 9,
10, and 11 were down-regulated over the four developmental
periods. Among them, the DEGs in cluster 11 showed a rapid
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FIGURE 2

Differentially expressed genes in the six compared groups from NPS233 and NPS301. (A) Number of DEGs identified through the comparative
analysis. (B, C) Venn diagrams depicting the DEGs between pairwise comparisons of seed samples from NPS233 and NPS301.

down-regulation of expression, and the DEGs in clusters 2 and 4
had opposite expression patterns in NPS233 and NPS301,
indicating that these DEGs are strongly associated with oil or
protein contents in soybean seeds. Finally, expression levels of
DEGs in cluster 5 were rapidly up-regulated, which indicated
that these genes are involved in soybean seed development.
These clusters were selected as candidate DEG sets, and four
candidate DEG sets containing 2,887 DEGs were further
analyzed. We performed a KEGG pathway enrichment
analysis of these genes. Enrichment analysis of the DEGs in
cluster 3 indicated that they were mainly enriched in protein
processing in the endoplasmic reticulum, biosynthesis of the
amino acids valine, leucine, and isoleucine, protein export,
galactose metabolism, glycosaminoglycan degradation, and
other glycan degradation (Figures 3A, B), implying that the
DEGs in cluster 3 may be mainly related to protein biosynthesis.
Glyma.06G169700 in cluster 3, which was functionally annotated
as encoding acetolactate synthase 3, was found to be highly
expressed. Acetolactate synthase catalyzes the formation of
acetolactate from pyruvate, the first step in the synthesis of the
branched-chain amino acids (valine, leucine, and isoleucine).
KEGG analysis of DEGs in cluster 12 revealed that these genes
were associated with the terms “ribosome”, “ribosome biogenesis
in eukaryotes”, ¢
“biosynthesis of unsaturated fatty acids”, “fatty acid

pyruvate metabolism”, “fatty acid elongation”,

degradation”, “fatty acid metabolism”, “peroxisome”,
“glycolysis/gluconeogenesis”, and “taurine and hypotaurine
metabolism” (Figures 3C, D). Glyma.05G167700 in cluster 12
is a homolog of acetolactate synthase small subunit 2, which
encodes the regulatory subunit of acetohydroxy-acid synthase

Frontiers in Plant Science

07

and is involved in the feedback inhibition by branched-chain
amino acids. The regulatory subunit is required for full
enzymatic activity and contains two repeats of ~180 amino
acids, each of which is able to partially activate the catalytic
subunit. Leucine inhibits the enzyme reconstituted by the first
repeat, though isoleucine and valine do not, and no branched-
chain amino acid inhibits enzymes reconstituted by the second
repeat (Lee and Duggleby, 2001; Lee and Duggleby, 2002).

In addition, DEGs in cluster 2 were mainly enriched in genes
for phenylpropanoid biosynthesis, protein processing in
endoplasmic reticulum, glycerolipid metabolism, endocytosis,
starch and sucrose metabolism, pentose and glucuronate
interconversions or phenylpropanoid biosynthesis, glycerolipid
metabolism, linoleic acid metabolism, and valine, leucine and
isoleucine degradation. Glyma.03G205700 in cluster 2 is a
homolog of ANTI in Arabidopsis thaliana, and gene that
encodes the protein aromatic and neutral amino acid
transporter 1 (ANT1). Aromatic and neutral amino acids are
translocated by ANT1, including tryptophan, tyrosine, histidine,
phenylalanine, valine, proline, glutamine, leucine, and arginine
(Chen et al., 2001). KEGG analysis of DEGs in cluster 4 showed
that these genes are involved in pyruvate metabolism,
phenylalanine metabolism, phenylpropanoid biosynthesis,
pentose and glucuronate interconversions, phenylalanine,
tyrosine and tryptophan biosynthesis, tyrosine metabolism, the
pentose phosphate pathway, and a-Linolenic acid metabolism
(Figure S4). Glyma.04G236900 in cluster 4 was annotated as
glutamate synthase [NADH], and this enzyme is involved in
glutamate biosynthesis. These results suggest that the DEGs are
related to hormone signal transduction, secondary metabolite
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KEGG analysis of the DEGs from cluster 3 and 12. (A) KEGG classification of the DEGs from cluster 3. (B) KEGG enrichment analysis of the DEGs
from cluster 3. (C) KEGG classification of the DEGs from cluster 12. (D) KEGG enrichment analysis of the DEGs from cluster 12.

biosynthesis or phenylpropanoid biosynthesis, amino acid
biosynthesis, and glycerolipid metabolism.

DEGs involved in FA biosynthesis

To evaluate the expression of FA biosynthetic genes, we
investigated the expression patterns of DEGs involved in lipid
biosynthesis and signal transduction pathways (Figure 4). Most
genes related to the de novo FA biosynthesis pathway were up-
regulated in NPS301 during the first three seed developmental
periods (7, 14, and 21 DAF), including the subunits of acetyl-
CoA carboxylases and the FA synthase complex. Notably, several
genes were down-regulated in NPS301, including one gene for
fatty acyl thioesterase B (FATB) (Glyma.04G151600), two acyl-
CoA binding protein genes (Glyma.11G014900 and
Glyma.13G152900), and one oleosin gene (Glyma.19G004800).
Also, the expression of one ketoacyl-CoA synthase gene
(Glyma.06G214800) was slightly down-regulated in NPS301.
Moreover, a gene encoding ketoacyl-ACP synthase I
(Glyma.08G024700) was up-regulated >5-fold in NPS301-2
versus NPS233-2, and an acyl carrier protein gene
(Glyma.20G230100) was highly expressed in the latter three
developmental periods (14, 21, and 28 DAF) in NPS301.

DEGs involved in the Krebs cycle and
amino acid biosynthesis

To identify putative genes involved in the regulation of

protein and oil contents in developing soybean seeds, we
analyzed the expression of Krebs cycle genes and the
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metabolic network within which it is embedded. As a result,
most of the genes that encode Krebs cycle enzymes had higher
expression levels in NPS301 than in NPS233 (Figure 5). With
regard to the reactions that consume or produce TCA cycle
intermediates, we investigated the expression of genes that
encode enzymes involved in amino acid biosynthesis and
degradation, secondary metabolite biosynthesis, and fatty acid
elongation. Several genes that putatively function in amino acid
biosynthesis pathways were up-regulated in NPS233 (Figure 5);
and example is Glyma.16G041200, which encodes glutamate
dehydrogenase 1. Glyma.02G014800 was annotated as a gene
encoding bifunctional aspartate aminotransferase and
glutamate/aspartate-prephenate aminotransferase (an AtAAT
homolog). The AtAAT gene is required for the transamination
of prephenate to arogenate, and is involved in the aromatic
amino acids biosynthesis pathway (Torre et al., 2006). This gene
was up-regulated in NPS233 compared to NPS301 in the first
developmental period, but down-regulated in the fourth period.
Another gene, Glyma.14G111800, encodes a homolog of the
aspartate aminotransferase P2 gene in Lupinus angustifolius. In
Arabidopsis thaliana, this gene is related to nitrogen metabolism
as well as energy and carbon metabolism, and is important for
the metabolizing organic acids related to the Krebs cycle and
amino acids (Schultz and Coruzzi, 1995). We also identified
several genes that were down-regulated in NPS233 versus
NPS301, including an argininosuccinate lyase gene
(Glyma.06G096700), two putative branched-chain-amino-acid
aminotransferase 7 genes (Glyma.07G186100 and
Glyma.08G063200), a glutamate dehydrogenase 2 gene
(Glyma.01G204600), and a branched-chain-amino-acid
aminotransferase-like protein 2 gene (Glyma.19G237000).
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FIGURE 4

Expression patterns of DEGs involved in lipid biosynthesis and signal transduction pathways in soybean seed development. Heatmap showing the
expression patterns of the candidate genes involved in the regulation of oil content accumulation in soybean seed. Glyma.11G014900, acyl CoA
binding protein; Glyma.15G052500, hydroxyacyl-ACP dehydrase; Glyma.04G149300, ketoacyl-CoA synthase; Glyma.04G151600, fatty acyl
thioesterase B; Glyma.13G152900, acyl CoA binding protein; Glyma.08G345900, enoyl-ACP reductase; Glyma.13G057400, heteromeric acetyl CoA
carboxylase, biotin carboxyl carrier protein; Glyma.05G129600, ketoacyl-ACP synthase |; Glyma.18G156100, enoyl-ACP reductase; Glyma.12G027300,
enoyl-ACP reductase; Glyma.05G221100, heteromeric acetyl CoA carboxylase, biotin carboxylase subunit; Glyma.08G084300, ketoacyl-ACP synthase
I; Glyma.08G329700, acyl-CoA synthase; Glyma.11G248000, ketoacyl-ACP reductase; Glyma.06G012500, ketoacyl-CoA synthase;
Glyma.08G179900, hydroxyacyl-ACP dehydrase; Glyma.18G023300, biotin/lipoyl attachment domain-containing protein; Glyma.08G027600,
heteromeric acetyl CoA carboxylase, biotin carboxylase subunit; Glyma.11G233700, biotin/lipoyl attachment domain-containing protein;
Glyma.09G277400, ketoacyl-ACP synthase ll; Glyma.18G009200, ketoacyl-ACP reductase; Glyma.08G024700, ketoacyl-ACP synthase |;
Glyma.11G164500, malonyl CoA-ACP malonyltransferase; Glyma.18G211400, ketoacyl-ACP synthase Ill; Glyma.18G196000, heteromeric acetyl CoA
carboxylase, carboxyltransferase alpha subunit; Glyma.11G245600, ketoacyl-CoA reductase; Glyma.18G195900, heteromeric acetyl CoA carboxylase,
carboxyltransferase alpha subunit; Glyma.18G195700, heteromeric acetyl CoA carboxylase, carboxyltransferase alpha subunit; Glyma.10G010800, ER
long-chain acyl- CoA synthetase; Glyma.10G107100, glycerol 3 phosphate dehydrogenase; Glyma.19G004800, Oleosin; Glyma.19G028800,
heteromeric acetyl CoA carboxylase, biotin carboxyl carrier protein; Glyma.19G053500, glycerol 3 phosphate dehydrogenase; Glyma.20G230100, acyl
carrier protein; Glyma.13G214600, acyl carrier protein; Glyma.06G112900, plastidic long-chain acyl- CoA synthetase; Glyma.02G186600, glycerol 3
phosphate dehydrogenase; Glyma.15G098500, acyl carrier protein; Glyma.18G265300, heteromeric acetyl CoA carboxylase, biotin carboxyl carrier
protein; Glyma.06G214800, ketoacyl-CoA synthase; Glyma.20G200900, Caleosins; Glyma.20G201000, Caleosins. The gene per row is Z-score

standardized.

Discussion

Seed development can be classified into three main stages:
the first includes embryo growth, cell division, and
morphogenesis; the second includes seed maturation and the
accumulation of reserves; and the third includes the desiccation
of seeds and subsequent dormancy (Weber et al., 2004). In our
study, we performed transcriptomics and metabolomics analyses
of soybean seeds in four seed developmental periods. These four
developmental periods belong to the first two fundamental
stages of seed development.

Metabolites and gene regulatory networks for soybean seed
development have been studied in previous reports (Collakova et
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al., 2013; Peng et al,, 2021). More recently, comparative metabolome
and transcriptome analyses were performed in the developing seeds
of grain and vegetable soybeans at R6 stage, 299 DAMs and and
20,546 DEGs were identified between the two varieties (Chen et al.,
2022). Functional enrichment analysis revealed that metabolic
pathways, including alanine, aspartate and glutamate metabolism,
fatty acid degradation, starch and sucrose metabolism, and flavonoid
biosynthesis, were up-regulated in vegetable soybean (Chen et al,
2022), which could partly explain the high-quality of soybean.

The purpose of our study is to investigate the mechanisms that
regulate soybean seed oil and protein contents accumulation in
developing seeds, our results of enrichment analysis were
consistent with the previous report. The DEGs were significantly
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DEGs involved in Krebs cycle and the amino acids metabolic network it embedded in. Reactions are shown that consume or produce TCA cycle
intermediates. For simplicity, co-enzymes are omitted from the TCA cycle. For each gene, squares denote expression patterns in each variety
(see legend). Glyma.14G111800, aspartate aminotransferase, Asp + 2-Oxoglutarate <-> Oxaloacetate + Glu, Glyma.06G096700,
argininosuccinate lyase, Argininosuccinate -> Arg + Fumarate. The gene per row is Z-score standardized.

enriched in pathways related to amino acid and fatty acid
metabolism, partially explaining the corresponding differentially
accumulated metabolites detected between the two varieties. We
performed two separate analyses of differentially expressed genes
(DEGs); the first was between different growth periods of the same
variety, and the second was between the two varieties at the same
growth period. The pairwise comparisons of samples from the four
different growth periods identified 12,712 DEGs, and the
comparisons of groups from different varieties at the same
developmental periods identified 655 DEGs. Among them, there
are 461 DEGs common to both comparisons, and 194 genes were
exclusively differentially expressed in the comparisons between the
two soybean varieties (Figure 6A). We mapped the selected set of
genes to the lipid biosynthesis and amino acids biosynthesis
pathways to determine their expression patterns. A total of 30
genes were selected, and this candidate DEG set was then used in
further analyses (Figure 6B).

Among these 30 genes, two (Glyma.04G050300 and
Glyma.04G104700) are involved in leaf senescence delay;
Glyma.04G050300 is annotated as a zinc finger CCCH
domain-containing protein 2 (an OsC3H2 homolog), and
Glyma.04G104700 is annotated as encoding an acyltransferase-
like protein (homologous to At1g54570). OsC3H2 may repress
the role of jasmonic acid (JA) signaling in promoting leaf
senescence and the regulation of panicle development and the
pollination/fertilization processes (Kong et al., 2006).
Acyltransferase contributes to the synthesis of fatty acid phytyl
ester in chloroplasts, which is essential for maintaining the
integrity of the photosynthetic membrane during abiotic stress
and senescence (Lippold et al., 2012). Expression of both genes
was up-regulated in the second seed developmental period in
NPS233 versus NPS301, implying that delayed leaf senescence

Frontiers in Plant Science

10

allows more protein to accumulate in the seeds. Previous studies
have shown that addition to the de novo synthesis of amino acids
in seed tissues as they develop an important source of additional
free amino acids are those synthesized in vegetative tissues and
then transported to seed tissues. The large-scale migration of free
amino acids to seeds is related to leaf senescence, where leaves
degrade their proteins, producing available free amino acids that
can move to develop seeds (Fernie and Hoefgen, 2013; Cohen
et al.,, 2017; Watanabe et al., 2017).

Another gene, Glyma.17G149300, is a homolog of CKB2.
CKB2 encodes a casein kinase II subunit beta-2, which is
involved in the regulation of the basal catalytic activity of the
alpha subunit. The tetrameric holoenzyme CK2 has two alpha
and two beta subunits and is responsible for phosphorylating the
transcription factor PIF1 once it’s exposed to light. This induces
proteasome-dependent PIF1 degradation and promotes
photomorphogenesis (Bu et al., 2011). Glyma.17G149300
expression was up-regulated in NPS233 versus NPS301 in the
first developmental period, indicating that photomorphogenesis
in NPS233 occurs earlier than in NPS301.

In addition, the expression of two seed desiccation-related genes,
Glyma.07G236800 and Glyma.07G236900, was up-regulated in the
third period in NPS301 versus NPS233. These two genes were
annotated as encoding desiccation-related protein pcC13-62, and
quantitative analysis demonstrated that there is a lower level of
pcCl13-62 transcript accumulation in species prone to desiccation
than in those that tolerate desiccation (Giarola et al., 2018).
Synthesizing seed-storage proteins still happens in the third seed
developmental stage (maturation and desiccation), though the oil
content typically decreased in this stage (Baud et al., 2002). These
results indicate that high-protein soybeans may not tolerate
desiccation, and thus accumulate more protein.
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pathways. The gene per row is Z-score standardized.

In our study, we observed that the gene encoding the desiccation-
tolerance protein pcC13-62 was up-regulated in NPS301; at the same
time, the gene CKB2 that promotes photomorphogenesis was highly
expressed in NPS233, and two genes involved in the delay of leaf
senescence were also up-regulated in NPS233. Moreover, the two
soybean varieties that accumulated different protein and oil contents
had different maturity dates, with NPS233 maturing earlier. Taken
collectively, we propose that the soybean variety NPS233 is more
sensitive to desiccation, photomorphogenesis in NPS233 occurs
earlier, and leaf senescence is delayed, which could explain why
this variety has a higher seed protein content.

There was also a proteasome-related gene identified in the
candidate gene set. the 26S proteasome is a protein complex that is
responsible for selective, efficient, and processive hydrolysis of
intracellular proteins. Glyma.14G071000, annotated as encoding
the 26S proteasome regulatory subunit 10B homolog A, was up-
regulated in NPS301 compared to NPS233. The 26S proteasome is
related to the ATP-dependent degradation of ubiquitinated proteins.
Few compounds are used to transport and store most nitrogen in
plants. The most common compound related to transport in legumes
is asparagine (Miflin et al, 1977; Watanabe et al, 1977). An
asparagine synthetase gene, Glyma.18G061100, was also present in
the candidate gene set, and the gene was up-regulated in NPS233
compared to NPS301 in the seed developmental second period,
indicating that there is more nitrogen transport in the high protein/
low oil soybean variety NPS233.

It is worth noting that in our study, a gene annotated as
encoding glutelin type-A 2 (GLUA2), was up-regulated in
NPS301 compared to NPS233. OsGluA2 is involved in the
regulation of grain protein content in rice (Yang et al., 2019);
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it functions as a positive regulator of rice grain protein content
and has a pleiotropic effect on rice grain quality. The grain total
protein content, as well as the glutelin, albumin, and prolamin
contents, is significantly higher in the high grain protein content
accession, but globulin is the exception. However, in soybean,
globulin is the predominant seed storage protein. The results of
our study show that GLUA2 may function differently in soybean
compared to rice. The candidate genes used in this study can be
manipulated through gene editing or molecular marker-aided
selection to improve the quality of soybeans.

One key outcome of our study is a set of potential key candidate
genes. Indeed, within the candidate genes are many fatty acid and
amino acid metabolism-related genes, including ten acetyl-CoA
carboxylase encoding genes, which initiated the de novo FA
biosynthesis pathway. Metabolites with different pattern of
accumulation between the two varieties with respect to amino acid
metabolism were identified. For example, o-ketoglutaric acid, was
up-regulated in ‘NPS233’ versus ‘NPS301” in developmental stage 2,
whose carboxylate, 2-oxoglutarate provides carbon skeleton for Glu,
Gln, proline (Pro) and Arg biosynthesis, and is an intermediate in the
Krebs cycle. Some metabolites were not detected, possibly due to the
method used in this study, their roles in oil and protein contents
accumulation of soybean seed remain to be studied.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Materials. Further
inquiries can be directed to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1012394
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al.

Author contributions

HC designed and supervised this research. WX performed
the experiments and obtained transcriptome and metabolome
data. QW analyzed the data. QW and WX prepared the draft of
the manuscript. WX, WZ, HZ, XL, XYC, QS, YZ and XC revised
and improved the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by the National Key Research and
Development Program of China (2018YFE0112200), the Key
R&D project of Jiangsu Province (BE2019376), the Jiangsu
Agriculture Science and Technology Innovation Fund
(JASTIF) CX (20)2007, and The Open Competition Project of
Seed Industry Revitalization of Jiangsu Province (JBGS
[2021]060).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Bates, P. D. (2016). Understanding the control of acyl flux through the lipid
metabolic network of plant oil biosynthesis. Biochim. Biophys. Acta (BBA) - Mol.
Cell Biol. Lipids 1861, 1214-1225. doi: 10.1016/j.bbalip.2016.03.021

Baud, S., Boutin, J. P, Miquel, M., Lepiniec, L., and Rochat, C. (2002). An
integrated overview of seed development in Arabidopsis thaliana ecotype WS. Plant
Physiol. Biochem. 40 (2), 151-160. doi: 10.1016/S0981-9428(01)01350-X

Bhati, K. K., Riyazuddin, R., Pathak, A. K., and Singh, A.(2021).
The survey of genetic engineering approaches for oil/fatty acid content
improvement in oilseed crops. Genome Eng. Crop Improv. 22-42. doi: 10.1002/
9781119672425.ch11

Bremner, J. M. (1960). Determination of nitrogen in soil by the kjeldahl method.
J. Agric. Sci. 55 (1), 11-33. doi: 10.1017/50021859600021572

Bu, Q., Zhu, L., Dennis, M. D., Yu, L., Lu, S. X., Person, M. D., et al. (2011).
Phosphorylation by CK2 enhances the rapid light-induced degradation of
phytochrome interacting factor 1 in Arabidopsis. ]. Biol. Chem. 286 (14), 12066.
doi: 10.1074/jbc.M110.186882

Chaudhary, J., Patil, G., Sonah, H., Deshmukh, R., Vuong, T., Valliyodan, B.,
et al. (2015). Expanding omics resources for improvement of soybean seed
composition traits. Front. Plant Sci. 6 (31)1021. doi: 10.3389/fpls.2015.01021

Chen, L, Ortiz-Lopez, A., Jung, A., and Bush, D. R.. (2001). ANT1, an aromatic
and neutral amino acid transporter in Arabidopsis. Plant Physiol. 125 (4), 1813—
1820. doi: 10.1104/pp.125.4.1813

Chen, Z., Zhong, W., Zhou, Y., Ji, P., Wan, Y., Shi, S,, et al. (2022). Integrative
analysis of metabolome and transcriptome reveals the improvements of seed
quality in vegetable soybean (Glycine max (L.) merr.). Phytochemistry 200,
113216. doi: 10.1016/j.phytochem.2022.113216

Chung, J., Babka, H. L., Graef, G. L., Staswick, P. E., Lee, D. J., Cregan, P. B, et al.
(2003). The seed protein, oil, and yield QTL on soybean linkage group I. Crop Sci.
43 (3), 1053-1067. doi: 10.2135/cropsci2003.1053

Frontiers in Plant Science

12

10.3389/fpls.2022.1012394

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1012394/full#supplementary-material

SUPPLEMENTARY FIGURE 1
KEGG enrichment analysis of the differentially accumulated metabolites
through the comparative analysis.

SUPPLEMENTARY FIGURE 2
KEGG enrichment analysis of the differentially expressed genes in NPS233
and NPS301.

SUPPLEMENTARY FIGURE 3
Dynamics of gene expression during soybean seed development.

SUPPLEMENTARY FIGURE 4
KEGG classification and enrichment analysis of the differentially expressed
genes from the K-means cluster 2 and 4.

Clemente, T. E., and Cahoon, (2009). Soybean oil: Genetic approaches for
modification of functionality and total content. E. B. Plant Physiol. 151 (3), 1030—
1040. doi: 10.1104/pp.109.146282

Cohen, H., Hacham, Y., Panizel, I, Rogachev, I, Aharoni, A., Amir, R, et al. (2017).
Repression of CYSTATHIONINE gamma-SYNTHASE in seeds recruits the s-
methylmethionine cycle. Plant Physiol. 174, 1322-1333. doi: 10.1104/pp.17.00579

Collakova, E., Aghamirzaie, D., Fang, Y., Klumas, C., Tabataba, F., Kakumani, A., et al.
(2013). Metabolic and transcriptional reprogramming in developing soybean (Glycine
max) embryos. Metabolites 3 (2), 347-372. doi: 10.3390/metabo3020347

Fehr, W. R, Collins, F. I, and Weber, C. R. (1968). Evaluation of methods for protein
and oil determination in soybean seed. Crop Sci. 8 (1). doi: 10.2135/
cropscil968.0011183X000800010015x

Giarola, V., Jung, N. U, Singh, A,, Satpathy, P., and Bartels, D. (2018). Analysis of
pcC13-62 promoters predicts a link between cis-element variations and desiccation
tolerance in linderniaceae. J. Exp. Bot. 69 (15), 3773-3784. doi: 10.1093/jxb/ery173

Gotz, S., Garcia-Gomez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda,
M. J,, et al. (2008). High-throughput functional annotation and data mining with
the Blast2GO suite. Nucleic Acids Res. 36, 3420-3435. doi: 10.1093/nar/gkn176

Kirma, M., Aratjo, W. L., Fernie, A. R., and Galili, G. (2012). The multifaceted
role of aspartate-family amino acids in plant metabolism. J. Exp. Bot. 63 (14), 4995
5001. doi: 10.1093/jxb/ers119

Kong, Z., Li, M., Yang, W., Xu, W., and Xue, Y. (2006). A novel nuclear-localized
CCCH-type zinc finger protein, OsDOS, is involved in delaying leaf senescence in
rice. Plant Physiol. 141, 1376-1388. doi: 10.1104/pp.106.082941

Lee, Y. T., and Duggleby, R. G. (2001). Identification of the regulatory subunit of
Arabidopsis thaliana acetohydroxyacid synthase and reconstitution with its
catalytic subunit. Biochemistry 40 (23), 6836-6844. doi: 10.1021/bi002775q

Lee, Y. T., and Duggleby, R. G. (2002). Regulatory interactions in Arabidopsis
thaliana acetohydroxyacid synthase. FEBS Lett. 512 (1-3), 180-184. doi: 10.1016/
$0014-5793(02)02253-6

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1012394/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1012394/full#supplementary-material
https://doi.org/10.1016/j.bbalip.2016.03.021
https://doi.org/10.1016/S0981-9428(01)01350-X
https://doi.org/10.1002/9781119672425.ch11
https://doi.org/10.1002/9781119672425.ch11
https://doi.org/10.1017/S0021859600021572
https://doi.org/10.1074/jbc.M110.186882
https://doi.org/10.3389/fpls.2015.01021
https://doi.org/10.1104/pp.125.4.1813
https://doi.org/10.1016/j.phytochem.2022.113216
https://doi.org/10.2135/cropsci2003.1053
https://doi.org/10.1104/pp.109.146282
https://doi.org/10.1104/pp.17.00579
https://doi.org/10.3390/metabo3020347
https://doi.org/10.2135/cropsci1968.0011183X000800010015x
https://doi.org/10.2135/cropsci1968.0011183X000800010015x
https://doi.org/10.1093/jxb/ery173
https://doi.org/10.1093/nar/gkn176
https://doi.org/10.1093/jxb/ers119
https://doi.org/10.1104/pp.106.082941
https://doi.org/10.1021/bi002775q
https://doi.org/10.1016/S0014-5793(02)02253-6
https://doi.org/10.1016/S0014-5793(02)02253-6
https://doi.org/10.3389/fpls.2022.1012394
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al.

Lee, S., Van, K, Sung, M., Nelson, R., LaMantia, J., McHale, L. K,, et al. (2019).
Genome-wide association study of seed protein, oil and amino acid contents in
soybean from maturity groups I to IV. Theor. Appl. Genet. 132 (6), 1639-1659. doi:
10.1007/s00122-019-03304-5

Less, H., and Galili, G. (2008). Principal transcriptional programs regulating
plant amino acid metabolism in response to abiotic stresses. Plant Physiol. 147 (1),
316-330. doi: 10.1104/pp.108.115733

Less, H., and Galili, G. (2009). Coordinations between gene modules control the
operation of plant amino acid metabolic networks. BMC Syst. Biol. 3 (1), 14. doi:
10.1186/1752-0509-3-14

Li, L, Hur, M, Lee, J. Y., Zhou, W, Song, Z., Ransom, N, et al. (2015). A systems
biology approach toward understanding seed composition in soybean. BMC
Genomics 16 (3), S9. doi: 10.1186/1471-2164-16-S3-S9

Li, D., Zhao, X,, Han, Y., Li, W., and Xie, F.. (2018). Genome-wide association mapping
for seed protein and oil contents using a large panel of soybean accessions. Genomics 111
(1), 90-95. doi: 10.1016/j.ygen0.2018.01.004

Lippold, F., Drop, K. V., Abraham, M., Holzl, G., Wewer, V., Yilmaz, J. L., et al.
(2012). Fatty acid phytyl ester synthesis in chloroplasts of Arabidopsis. Plant Cell 24
(5), 2001-2014. doi: 10.1105/tpc.112.095588

Lu, D,, Huang, Z,, Liu, D., Zhu, P., L, S, Li, N,, et al. (2018). Transcriptome
analysis of chrysanthemum in responses to white rust. Scientia. Hortic. 233, 421-
430. doi: 10.1016/j.scienta.2018.01.016

Mao, X,, Cai, T, Olyarchuk, J. G., and Wei, L. (2005). Automated genome annotation
and pathway identification usingthe KEGG orthology (KO) as a controlled vocabulary.
Bioinformatics 21, 3787-3793. doi: 10.1093/bioinformatics/bti430

Miflin, B. J., and Lea, P. J. (1977). Amino acid metabolism. Annu. Rev. Plant
Physiol. 28 (1), 299-329. doi: 10.1146/annurev.pp.28.060177.001503

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and Wold, B.. (2008).
Mapping and quantifying mammalian transcriptomes by RNA-seq. Nat. Methods
5, 621-628. doi: 10.1038/nmeth.1226

Patil, G, Mian, R, Vuong, T., Pantalone, V., Song, Q., Chen, P., et al. (2017). Molecular
mapping and genomics of soybean seed protein: A review and perspective for the future.
Theor. Appl. Genet. 130, 1975-1991. doi: 10.1007/500122-017-2955-8

Peng, L., Qian, L, Wang, M., Liu, W,, Song, X., Cheng, H., et al. (2021).
Comparative transcriptome analysis during seeds development between two
soybean cultivars. Peer] 9, €10772. doi: 10.7717/peerj.10772

Frontiers in Plant Science

13

10.3389/fpls.2022.1012394

Pratelli, R., and Pilot, G. (2014). Regulation of amino acid metabolic
enzymes and transporters in plants. J. Exp. Bot. 65 (19), 5535-5556. doi:
10.1093/jxb/eru320

Salie, M. J., and Thelen, J. J. (2016). Regulation and structure of the heteromeric
acetyl-CoA carboxylase. Biochimica et biophysica acta (BBA). Mol. Cell Biol. Lipids
1861 (9 Pt B), 1207-1213. doi: 10.1016/j.bbalip.2016.04.004

Schultz, C.J., and Coruzzi, G. M. (1995). The aspartate aminotransferase gene family of
Arabidopsis encodes isoenzymes localized to three distinct subcellular compartments.
Plant . 7, 61-75. doi: 10.1046/j.1365-313X.1995.07010061.x

Torre, F., Santis, L. D., Suarez, M. F., Crespillo, R., and Canovas, F. M. (2006).
Identification and functional analysis of a prokaryotic-type aspartate
aminotransferase: implications for plant amino acid metabolism. Plant J. Cell
Mol. Biol. 46 (3), 414-425. doi: 10.1111/§.1365-313X.2006.02713.x

Watanabe, M., Balazadeh, S., Tohge, T, Erban, A., Giavalisco, P., Kopka, J., et al
(2013). Comprehensive dissection of spatiotemporal metabolic shifts in primary,
secondary, and lipid metabolism during developmental senescence in Arabidopsis.
Plant Physiol. 162 (3), 1290-1310. doi: 10.1104/pp.113.217380

Weber, H., Borisjuk, L., and Wobus, U. (2004). Molecular physiology of legume
seed development. Annu. Rev. Plant Biol. 56 (1), 253-279. doi: 10.1146/
annurev.arplant.56.032604.144201

Xu, C., and Shanklin, J. (2016). Triacylglycerol metabolism, function, and
accumulation in plant vegetative tissues. Annu. Rev. Plant Biol. 67 (1), 179-206.
doi: 10.1146/annurev-arplant-043015-111641

Yang, Y., Guo, M., Sun, S., Zou, Y., Yin, S,, Liu, Y., et al. (2019). Natural variation
of OsGIuA2 is involved in grain protein content regulation in rice. Nat. Commun.
10 (1), 1949. doi: 10.1038/s41467-019-09919-y

Young, G., Mebrahtu, T., and Johnson, J. (2000). Acceptability of green soybeans
as a vegetable entity. Plant Foods Hum. Nutr. 55 (4), 323-333. doi: 10.1023/
A:1008164925103

Zhang, J., Wang, X, Lu, Y, Bhusal, S. J,, Song, Q., Cregan, P. B,, et al. (2018).
Genome-wide scan for seed composition provides insights into soybean quality
improvement and the impacts of domestication and breeding. Mol. Plant 11 (3),
460-472. doi: 10.1016/j.molp.2017.12.016

Zhang, S. S., Hao, S., Zhang, S., Zhang, D., Wang, H., Du, H,, et al. (2021).
Genome-wide association mapping for protein, oil and water—soluble protein
contents in soybean. Mol. Genet. Genomics 296 (1), 91-102. doi: 10.1007/s00438-
020-01704-73

frontiersin.org


https://doi.org/10.1007/s00122-019-03304-5
https://doi.org/10.1104/pp.108.115733
https://doi.org/10.1186/1752-0509-3-14
https://doi.org/10.1186/1471-2164-16-S3-S9
https://doi.org/10.1016/j.ygeno.2018.01.004
https://doi.org/10.1105/tpc.112.095588
https://doi.org/10.1016/j.scienta.2018.01.016
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1146/annurev.pp.28.060177.001503
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1007/s00122-017-2955-8
https://doi.org/10.7717/peerj.10772
https://doi.org/10.1093/jxb/eru320
https://doi.org/10.1016/j.bbalip.2016.04.004
https://doi.org/10.1046/j.1365-313X.1995.07010061.x
https://doi.org/10.1111/j.1365-313X.2006.02713.x
https://doi.org/10.1104/pp.113.217380
https://doi.org/10.1146/annurev.arplant.56.032604.144201
https://doi.org/10.1146/annurev.arplant.56.032604.144201
https://doi.org/10.1146/annurev-arplant-043015-111641
https://doi.org/10.1038/s41467-019-09919-y
https://doi.org/10.1023/A:1008164925103
https://doi.org/10.1023/A:1008164925103
https://doi.org/10.1016/j.molp.2017.12.016
https://doi.org/10.1007/s00438-020-01704-7
https://doi.org/10.1007/s00438-020-01704-7
https://doi.org/10.3389/fpls.2022.1012394
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Using transcriptomic and metabolomic data to investigate the molecular mechanisms that determine protein and oil contents during seed development in soybean
	Introduction
	Materials and methods
	Plant materials and tissue preparation
	Measurement of protein and oil
	Extracting of metabolites
	UPLC conditions
	ESI-Q TRAP-MS/MS
	Principal component analysis
	Pearson correlation coefficients and hierarchical cluster analysis
	Identifying differential metabolites
	Analysis of enrichment and KEGG annotation
	RNA extraction and transcriptome sequencing
	Quality control of data
	Mapping reads to reference genomes
	Quantifying levels of gene expression
	Analyzing differences
	Analysis of differential gene enrichment

	Results
	Metabolome profiling
	Analysis of the differentially accumulated metabolites
	Differentially expressed gene analysis
	DEGs that respond to soybean seed development
	DEGs involved in FA biosynthesis
	DEGs involved in the Krebs cycle and amino acid biosynthesis

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


