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Abstract: (1) Background: Senescence represents the final stage of plant growth and development,
which transfers nutrients to growing seeds and directly affects the yield and quality of crops. However,
little is known about chlorophyll degradation in developing and maturing seeds, in contrast to
leaf senescence; (2) Methods: RNA-Seq was used to analyze the differentially expressed genes of
different late-senescent germplasms. A widely untargeted metabolic analysis was used to analyze
differential metabolites. In addition, qRT-PCR was conducted to detect gene expression levels;
(3) Results: Transcriptome analysis revealed that ZX12 seeds have a higher expression level of the
chlorophyll synthesis genes in the early stage of maturity, compared with ZX4, and have a lower
expression level of chlorophyll degradation genes in the late stage of maturity. Flavonoids were
the primary differential metabolites, and ZX12 contains the unique and highest expression of three
types of metabolites, including farrerol-7-O-glucoside, cyanidin-3-o-(6′-o-feruloyl) glucoside, and
kaempferide-3-o-(6′-malonyl) glucoside. Among them, farrerol-7-O-glucoside and cyanidin-3-o-(6′-
o-feruloyl) glucoside are flavonoid derivatives containing mono and dihydroxy-B-ring chemical
structures, respectively; and (4) Conclusions: It is speculated that the two metabolites can slow down
the degradation process of chlorophyll by scavenging oxygen-free radicals in the chloroplast.

Keywords: senescence; soybean seed; late-senescent; chlorophyll metabolism; flavonoids

1. Introduction

Vegetable soybeans (edamame) are harvested at an immature stage, i.e., R6 (full
seed stage) versus R8 (full maturity stage), and feature a large, sweet, nutty, and mild-
flavored seed [1,2]. Continuous improvement in understanding nutritional properties and
transformation to healthier lifestyles have allowed vegetable soybean to flourish in recent
decades [3]. Nutrient composition analysis has shown that vegetable soybean has a higher
nutrient composition than green peas (Pisum sativum L.), including higher protein, calcium,
phosphorus, potassium [4], and ascorbic acid contents. In addition, vegetable soybean
contains 50% more isoflavones than mature soybean seeds [5,6], of which malonylglycoside
is the most abundant form. Vegetable soybean is also one of the few plant-based foods to
contain essential amino acids such as lysine and tryptophan. It is also high in sugar and
minerals, making it an excellent source of secondary metabolites [7]. In terms of physical
characteristics, the appearance of fresh pods and seeds is very important, and the degree of
greenness in pods and seeds is an essential commercial characteristic [2,8]. Late-senescent
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plants are beneficial for prolonging photosynthetic capacity during the whole growth
period, and improving the synthesis and transportation of dry matter, which is closely
related to crop yield [9–11]. Moreover, delaying the senescence of vegetable soybean seeds
can inhibit the deterioration of sugar, amino acids, and ascorbic acid in harvesting, storage,
transportation, and processing. It can prolong the picking period to relieve labor and
support long-distance transportation and extended storage [12,13].

Plant senescence is a natural developmental process at the end of plant development.
During plant senescence, chlorophyll (Chl) and other large molecules are degraded, the
photosynthetic capacity of leaves is reduced, and nutrients in the aging tissues are trans-
ported to young tissues and reproductive organs [14–16]. Senescence is induced by growth
stage and environmental stress, such as darkness, drought, nutrient deficiency, high salt,
low temperature, ozone, and pathogen infection. These processes are often accompanied by
the accumulation of reactive oxygen species (ROS) and decreased activity of antioxidant en-
zymes (SOD, CAT, and APX) in cells [17,18]. Senescence is also a maturation process, which
is crucial for the life cycle of the plant and can directly affect the production capacity of
crops [19]. For some crop plants, chlorophyll synthesis and degradation also exist in seeds
during maturation [20]. At the seed maturation stage, Chl also has photosynthetic capacity,
but the carbon assimilation ability of seed Chl is relatively weak compared with that in
leaves [21]. Therefore, a portion of the organic compounds required for seed development
can be synthesized from seeds. At the late stage of seed maturity, the seed must go through
a dormancy period, accompanied by dehydration and Chl degradation, to complete its
post-maturation development. However, residual Chl can still be detected in the mature
seed tissues of many plant species [22]. The apparent reason for this finding is that the Chl
degradation pathway is disturbed during the final maturation step. Notably, degradation
of Chl during senescence also leads to a decline in plant photosynthetic capacity, hence
its carbon assimilation capacity. Therefore, the delay of seed senescence will increase
the amount of fixed carbon that can be used for seed filling, which is directly related to
increased crop yield [17,23].

The term “stay green” is occasionally used as a synonym to describe the senescence
process, strictly referring to a mutant with impaired chlorophyll metabolism [24]. The term
“stay green” is not widely used in soybeans, but it is often used in other crops such as
rice, corn, sorghum, etc. [25]. Functional and cosmetic stay-green traits can be divided into
five types (Thomas and Howarth, 2000): Type A, senescence is initiated late but proceeds
normally. Type B, initiates senescence at the same time as wild types, but the degradation
of Chl is significantly slower. Type C, Part of the Chl content can be maintained, but the
senescence process proceeds normally, and the photosynthetic capacity is impaired. Type
D, plants die from extreme damage (freezing, drying, etc.), and dead leaves remain green.
Type E, retains high chlorophyll content without increased photosynthesis. It is functional
for type A and type B to stay-green because the photosynthetic activity is prolonged
during seed maturation. The C, D, and E types that stay-green are cosmetics; Although
chlorophyll was retained, photosynthetic activity was similar to that of the wild type at
the same senescence stage [10]. Most described stay-green mutants are cosmetic mutants
resulting from impaired chlorophyll metabolism [26–32]. In soybean, three genotypes
of stay-green mutants controlled by nuclear genes (G and d1d2) and a cytoplasmic gene
(cytG) belonging to type C were found in leaves and cotyledons. It was found that either a
dominant (G) gene or a pair of recessive (d1d2) genes controlled the two stay-green traits of
Mendelian inheritance [33–36]. G alone controls the stay-green phenotype of seed coats,
while d1d2 controls the green retention traits of the seed coat, cotyledon, pod, and vegetative
portions [37]. The Gd1d2 exhibits the stay-green trait of all tissues. The cytG mutant exhibits
the stay-green phenotype in leaves, pods, seed coats, and cotyledons [38,39]. Soybean
GmSGR1 and GmSGR2 are homologous candidates of D1 and D2, and the loss-functional
transgenic lines of GmSGR1 and GmSGR2 show the same stay-green phenotype as d1d2
mutant [40,41]. However, the underlying mechanism by which SGR and Chl catabolic
enzymes (NYC1, HCAR, PPH, PaO, etc.) regulate Chl degradation in green seeds is still
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unclear [42,43]. To isolate cytG, the soybean chloroplast genome was extensively sequenced.
It was found that psbM, a small subunit encoding photosystem II, may co-regulate leaf
chlorophyll degradation with chlorophyll b reductase (NYC1) [44].

Delayed senescence can improve vegetable soybean yield, resistance, appearance qual-
ity, storage, transportation properties, and other aspects. It directly affects the production
and commercial characteristics of vegetable soybeans [9,10,39,40]. In this study, we first
identified two vegetable soybean germplasms with different delayed senescence charac-
teristics (wild-type Zhexian No. 4 and late-senescent type Zhexian No. 12). We examined
their phenotypic characteristics and revealed ZX12 had a soybean seed delayed senescence
phenotype. We further sequenced the transcriptomes of the two germplasms at a range
of time points (days after flowering, DAF) and performed KEGG enrichment analysis on
differentially expressed genes. The results highlighted key genes of Chl metabolism and the
photosynthetic pathway among differentially expressed genes, at different DAF. We also
performed untargeted metabolome analysis on seeds of the two germplasms collected at
different DAF; this analysis revealed that flavonoids were the primary differentially abun-
dant metabolites. Correlation analysis of the differentially expressed genes and flavonoid
and anthocyanin metabolites revealed that expression was positively correlated with their
metabolites for most key genes of flavonoid metabolism, indicating that flavonoids play a
key role in the soybean seed late-senescent phenotype. Therefore, this study helps elucidate
the mechanism by which the delayed senescence trait is regulated during the senescence
process of vegetable soybean seeds, and provides us with novel insights into avenues of
crop genetic improvement.

2. Materials and Methods
2.1. Plant Materials and Sample Collection

Samples were collected from two soybean germplasms, Glycine max cv. ‘Zhexian
No. 4’ (hereafter referred to as ZX4) and Glycine max cv. ‘Zhexian No. 12’ (hereafter
referred to as ZX12), both grown in the breeding field of the Zhejiang Academy of Agri-
cultural Sciences, Hangzhou, China. A randomized block design with three replications
was used. For each variety, 18 pods with the same growth potential were collected at
each of the seven-time points: 20, 25, 30, 35, 40, 45, and 50 days after flowering (DAF).
Half of the samples were used to determine pod and seed weight, Chl content, and Chl
fluorescence intensity; the other half were immediately frozen in liquid nitrogen and stored
at −80 ◦C for subsequent starch, sugar, and antioxidant enzyme activity analyses, along
with RNA extraction.

2.2. Measurement of Chl Content and Fluorescence Intensity

Seeds were soaked in 95% ethanol to extract the Chl. The extract was centrifuged at
5300× g for 10 min, after which the absorbance of the supernatant was read at 649 nm
and 665 nm. Total Chl, Chl a, and Chl b contents were then calculated according to
the respective equations Ca = 13.36A665 − 5.19A649, Cb = 27.43A649 − 8.12A665, and
Ca+b = 5.24A665 + 22.24A649 [45]. To measure Chl auto-fluorescence intensity in the seed
epidermis, the epidermis was sliced to 50 µM thickness with a frozen microtome and
made into temporary mount slides. The slides were then observed under a laser scanning
confocal microscope (Zeiss, Oberkochen, Germany) and excited at 488 nm. The detection
range for excitation light was 620–730 nm, and fluorescence intensity was measured with
the ZEN blue software [46].

2.3. Pod Moisture Content, Seed Moisture Content, and Seed Dry Weight Determination

Pod and seed moisture content was measured using the high constant temperature
oven dry method [47]. About 5–8 g of soybean seeds were placed in an aluminum dish
and dried in an oven at 130 ◦C for two hours until a constant weight was achieved.
Then the sample was weighed, and the moisture content was calculated as follows:
Moisture content (%) = (W −W1) × 100/W, where W is the weight of the seed or pod
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before drying and W1 is the weight after drying. One hundred-seed dry weights were
dried and determined in the same manner.

2.4. Soluble Sugars, Starch, and Antioxidant Enzyme Activity Determinations

Total soluble sugars (TSS) were quantified in 80% ethanol extracts of seed tissues. First,
a sample of 0.5 g of seeds was crushed in 5 mL of 80% (v/v) ethanol. All soluble fractions
were centrifuged at 3500× g for 10 min. The supernatants were collected and stored at 4 ◦C
for TSS determination. TSS was assessed by reacting 0.1 mL of alcoholic extract with 3 mL
freshly prepared anthrone (150 mg anthrone + 100 mL 72% [w/w] H2SO4) and placing it in a
boiling water bath for 10 min. After cooling, the absorbance at 625 nm was determined in a
Bausch and Lomb 2000 Spectronic spectrophotometer [48]. Starch content was determined
by the modified iodine chromogenic method [49]. To determine the activities of superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT). A total superoxide dismutase
(T-SOD) assay kit (Jiancheng, China), peroxidase assay kit (Jiancheng, China) and catalase
assay kit (Jiancheng, China) were used following the user manuals.

2.5. Stranded-RNA-Seq Library Construction and Sequencing

Total RNAs of seeds were extracted from samples of 20 d, 30 d, 40 d, and 50 d after
flowering from both germplasms. Samples were prepared in eight groups, with three
samples per event for 24 libraries. rRNA was removed from the sample using Ribo-Zero
rRNA Removal Kits (Epicentre, Madison, WI, USA). A fragmentation buffer was then used
to generate short rRNA-depleted RNA fragments of ~250 bp, which were then used as
templates. Random hexamers were used to synthesize the first-strand cDNA. Buffer, dATP,
dUTP, dCTP, dGTP, DNA polymerase I and RNase H were added to synthesize the second
cDNA strand. AMPure XP beads (Beckman Coulter, Miami, FL, USA) were used to purify
the double-strand cDNA, which was then end-repaired, poly-A tailed, adaptor-ligated,
and size selected. The strand with uracil was then degraded, and the target strand was
PCR enriched. Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and Agilent
2100 Bioanalyzer (Agilent, Palo Alto, CA, USA) were used to verify the quality of the
sequencing library. The library products were then sequenced on an Illumina HiSeq X-Ten
system. Quality control analysis on the resulting fastq sequencing files was performed
using FastQC (Babraham Bioinformatics, Cambridgeshire, UK).

2.6. Read Mapping and Quantifying

CLC Genomics Workbench (QIAGEN, https://www.qiagenbioinformatics.com/products/
clc-genomics-workbench/ (accessed on 10 April 2021)) is a software allowing for com-
prehensive analysis of RNA-seq data [50]. Quality control analysis on the resulting
fastq sequencing files was performed using “QC for Sequencing Reads” in the software.
“Trim Reads” function was used to perform adaptor trimming. Clean reads were then
mapped to the Glycine max reference genome (ftp://ftp.ensemblgenomes.org/pub/release-
42/plants/embl/glycine_max/ (accessed on 12 April 2021)) using “RNA-Seq Analysis.”
RPKM was used to measure the gene expression levels. The reproducibility of the experi-
ment was measured using “PCA for RNA-Seq.” The above steps were performed using
the software’s default parameters (https://resources.qiagenbioinformatics.com/manuals/
clcgenomicsworkbench/current/User_Manual.pdf (accessed on 8 April 2021)). Differen-
tially expressed genes (DEG) of the same period between the two germplasms were also
detected using the implemented method in the CLC Genomics Workbench, while using
ZX4 as the control. The FDR-corrected p-value ≥ 0.05 and |Log2(FC)| ≥ 1 were used as
the screening criteria. DEGs analysis for the two germplasms across all time series was also
performed using the same software and criteria.

2.7. Annotation of Differentially Expressed Genes

Gene Ontology (GO) annotations of Glycine max gene products were obtained from
the Gene Ontology database (http://geneontology.org (accessed on 15 April 2021)). DEGs

https://www.qiagenbioinformatics.com/products/clc-genomics-workbench/
https://www.qiagenbioinformatics.com/products/clc-genomics-workbench/
ftp://ftp.ensemblgenomes.org/pub/release-42/plants/embl/glycine_max/
ftp://ftp.ensemblgenomes.org/pub/release-42/plants/embl/glycine_max/
https://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/current/User_Manual.pdf
https://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/current/User_Manual.pdf
http://geneontology.org
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were evaluated for enrichment of terms in the Plant GO Slim. Terms were considered sig-
nificantly enriched if the hypergeometric test implemented in GO-TermFinder 0.86 yielded
a Bonferroni corrected p-value of less than 0.05 [51].

2.8. Real-Time Quantitative PCR Analysis

Total RNA was isolated from 20 and 40 DAF seeds using the EZNA Plant RNA Kit
(Omega Bio-Tek, Norcross, GA, USA) following the manufacturer’s instructions. RNA
integrity was verified with 1% agar gel electrophoresis and RNA concentration was mea-
sured using the BioDrop uLite (BioDrop, Cambridge, UK). The first cDNA strand was
synthesized from 1 µg of total RNA using MonScript™ RTIII All-in-One Mix with dsDNase
(Monad, Wuhan, China), according to the manufacturer’s instructions. Real-time quanti-
tative RT-PCR was conducted in a Bio-rad CFX96™ (Bio-rad, Hercules, CA, USA) using
MonAmp™ SYBR® Green qPCR Mix (None ROX) (Monad, Wuhan, China). The 15 µL
reaction mixture contained 2 µL of a diluted template (10 µL of the generated first-strand
cDNA diluted with 90 µL ddH2O), 7.5 µL of MonAmp™ SYBR® Green qPCR Mix, 0.4 µL
of each of the two gene-specific primers (10 µM), and 4.7 µL ddH2O. The thermocycler
program was as follows: 95 ◦C for 30 s, then 40 cycles of 95 ◦C for 10 s, 60 ◦C for 15 s, and
72 ◦C for 20 s. A melting curve analysis was conducted following each assay to confirm the
specificity of the amplicon for each primer pair. Gene-specific primers were designed using
Primer 3 [52]. Relative gene expression values were calculated using the 2−∆∆CT method
with the soybean gene GmEF1b as the reference [53]. The gene-specific primers are listed in
Supplemental Table S1.

2.9. Metabolic Analysis

A widely untargeted metabolic analysis was performed on ZX4 and ZX12 seeds
collected at 20, 30, and 40 DAF, with three biological replicates. Methanol and acetonitrile
of chromatographic grade were purchased from Merck (GER), and standards were obtained
from BioBioPha (BioBioPha, Kunming, China) and Sigma-Aldrich (Sigma-Aldrich, St. Louis,
MO, USA). Samples to be analyzed were freeze-dried with a vacuum freeze dryer and
ground into powder using a grinder (30 Hz, 1.5 min). Then, 100 mg of sample was dissolved
in 1.2 mL 70% MeOH, and incubated, with vortexing every 30 min, for a total of six rounds
of vortexing. Afterwards, samples were placed in the refrigerator at 4 ◦C overnight. The
next day, the samples were centrifuged at 12,000 rpm for 10 min and the supernatant was
extracted and filtered by a micropore filter (0.22 µM pore size). The samples were then
transferred into sample bottles for subsequent UPLC-MS/MS analysis.

Ultra-performance liquid chromatography (SHIMADZU Nexera X2, https://www.
shimadzu.com.cn/ (accessed on 30 May 2021)) coupled with tandem mass spectrome-
try (Applied Biosystems 4500 QTRAP, http://www.appliedbiosystems.com (accessed on
30 May 2021)) were used to perform the widely untargeted metabolic analysis of sam-
ples. Chromatographic separation was performed on an Agilent SB-C18 column (1.8 µm,
2.1 mm × 100 mm). The mobile phases consisted of ultrapure water with 0.1% formic acid
(A) and acetonitrile with 0.1% formic acid (B). The gradient elution program was set as
follows: 95:5 A/B at 0 min, 5:95 A/B at 9 min, 5:95 A/B at 10 min, 95:5 A/B at 11.10 min,
and 95:5 A/B at 14 min. The flow rate was 0.35 mL/min, the column temperature was
40 ◦C, and the injection volume was 4 µL. The linear ion trap and QQQ scanning were
performed using an AB4500 Q TRAP MS/MS system. MS acquisition utilized both positive
and negative ion modes. The parameters for electrospray ionization (ESI) were as follows:
source temperature, 550 ◦C; ion spray voltage, 5500 V (+)/−4500 V (−). QQQ scanning
employed multiple reaction monitoring.

Structural annotation of mass spectra was carried out using an in-house library (Met-
Ware database). Quantitative analysis of metabolite features was performed by the mass
spectrometer, in the course of multiple reaction monitoring. The Analyst 1.6.3 software
was used to analyze mass spectrometry data, while MultiaQuant was used to calculate and
correct each metabolite peak area.

https://www.shimadzu.com.cn/
https://www.shimadzu.com.cn/
http://www.appliedbiosystems.com
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A blend of all samples was used as the quality control sample. Quality control
samples were submitted to the analytical instrument once every ten samples to monitor the
repeatability of the mass spectrometry analysis.

2.10. Data Availability

Sequence files supporting the results of this article are available from the NCBI
Sequence Read Archive under the accession number (https://www.ncbi.nlm.nih.gov/
bioproject/?term=PRJNA904140 (accessed on 22 November 2022), Accession: PRJNA904140).
Metabolomics data used in the study can be viewed and accessed in The National Omics
Data Encyclopedia (https://www.biosino.org/node/project/detail/OEP003774 (accessed
on 28 November 2022), Project ID: OEP003774).

2.11. Statistic Analysis

Student’s t-tests were used to determine the significance levels of the Chl degrada-
tion index for ZX4 and ZX12. Significance levels: 0.01 < * p ≤ 0.05, 0.001 < ** p ≤ 0.01,
*** p ≤ 0.001. Significant differences in Chl content (Chl a, Chl b and total Chl content),
fluorescence intensity, and physiological characteristics (SOD, POD, and T-AOC activi-
ties) of ZX4 and ZX12 seeds, at different stages of maturity as indicated by the 1/2 LSD
value, were calculated using SAS 9.0 (SAS Institute Inc., Cary, NC, USA). The relative
transcript expression levels of genes were log2 transformed for analysis. Data cluster-
ing analysis and the quantitative color scheme were applied using Amazing Heatmap
(https://github.com/CJ-Chen/TBtools (accessed on 12 July 2021)). Bar charts illustrating
the relative expression levels of key factors involved in Chl synthesis, cycling, and degra-
dation were generated with SigmaPlot version 12.5 (Systat Software, Inc., San Jose, CA,
USA). Differences in gene expression levels between the ZX4 and ZX12 were evaluated for
significance using analysis of variance, according to the general linear model procedure
of SAS 9.0 (SAS Institute Inc., Cary, NC, USA). Differences between means were assessed
by Fisher’s protected least significance difference (LSD) test at the 0.05 probability level.
Orthogonal partial least squares discriminant analysis (OPLS-DA) was carried out using the
MetaboAnalystR package in the R (v4.1.0) programming environment. C-Means clustering
of metabolic abundance data was likewise carried out with the TCseq package.

3. Results
3.1. ZX12 Seeds Showed Higher Chl Content and Lower Chl Degradation Rate When Compared
with ZX4

To identify regulatory factors related to the late-senescent phenotype in soybean seeds,
we selected two germplasms, ZX4 (Zhexian No. 4) and ZX12 (Zhexian No. 12), which
exhibit different Chl levels in daily production. In observing the phenotypes of pods and
seeds, yellow spots appeared on the pods of ZX4 at 40 DAF, but for ZX12 did not appear
until 50 DAF (Figure 1A). Measurements of Chl a, Chl b, and total Chl content revealed
ZX12 seeds at 20 DAF to have significantly higher values than the seeds of ZX4 (Figure 1B).
For both germplasms, Chl content in seeds decreased as DAF increased. No significant
difference in the Chl degradation index was evident between the two germplasms at 20 DAF
and 30 DAF. However, at 40 and 50 DAF, ZX12 had index values significantly higher than
ZX4 (Figure 1B). This finding indicates that ZX12 has lower Chl degradation efficiency
than ZX4. Chl auto-fluorescence assays of the soybean seed epidermis showed that Chl
fluorescence intensity also decreased as DAF increased, and the fluorescence intensity of
ZX12 was higher than that of ZX4 after 25 DAF (Figure 1C,D).

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA904140
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA904140
https://www.biosino.org/node/project/detail/OEP003774
https://github.com/CJ-Chen/TBtools
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3.2. Physiological Character of ZX4 and ZX12 Seeds at Different Stages of Maturity

To study whether the late-senescent germplasm can continue to synthesize assimilates
while maintaining its green seed coat, we investigated character indexes relating to the
yield and quality of the two germplasms for two consecutive years. Pod moisture content
analysis revealed ZX12 to have significantly higher moisture than ZX4 beginning at 40 DAF;
moreover, at 50 DAF, ZX12 reached values more than 10-fold of those observed in ZX4
(Figure S1A). At 45 DAF, the seed moisture content of ZX12 was also significantly higher
than that of ZX4 (Figure S1B). In terms of the dry weight of 100 seeds, ZX4 showed a trend
of first rising and then declining; there was no significant change between 30 DAF and
45 DAF, and the decline began at 50 DAF. Meanwhile, ZX12 showed a gradually rising
trend, reaching the maximum weight value at 50 DAF (Figure S1C). The starch content
analysis found that starch in the seeds of both germplasms decreased with increasing
DAF, and the starch content of ZX4 was significantly lower than that of ZX12 at 50 DAF
(Figure S1D). Meanwhile, soluble sugar analysis found ZX4 to have significantly higher
TSS than ZX12 at 30 DAF; the sugar content of ZX4 then decreased, and later increased
dramatically at 50 DAF. Meanwhile, the soluble sugar content of ZX12 was higher than that
of ZX4 at 35 DAF, but lower at other observation time points. Ultimately, the difference was
most significant at 50 DAF, when the soluble sugar content of ZX4 was more than twice
that of ZX12 (Figure S1E). Finally, antioxidant enzyme activity assays revealed the SOD,
POD, and T-AOC activities of ZX4 seeds to be significantly higher than those of ZX12 from
20 DAF (Figure 2).

3.3. Transcriptome Analysis of ZX4 and ZX12 Seeds at Different Stages of Maturity Revealed
Differential Expression of Chl Metabolism and Photosynthesis Pathway-Related Genes

Eight cDNA libraries were constructed for ZX4 and ZX12 seeds collected at 20, 30,
40, and 50 DAF, and transcriptome analysis identified a total of 7125, 9631, 8451, and
15,059 DEGs for those respective time points (Figure 3A, Table S2). Overall, a set of
23,802 non-redundant DEGs was obtained, inclusive of all time points (Figure 3B). GO
enrichment analysis was performed on the DEGs obtained for each time point (Figure S2).
The most significantly enriched terms in each sub-ontology were: for biological process,
metabolic process and cellular process; for cellular component, cell and intracellular; and
for molecular function, catalytic activity and binding function (Figure 3C).
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Figure 3. Transcriptome analysis of ZX12 and ZX4 seeds at different maturity stages. (A) Number of
DEGs in ZX12 and ZX4 seeds at different maturity stages. (B) Venn diagram of DEGs between ZX12
and ZX4 seeds at different maturity stages. (C) KEGG analysis on the differentially expressed genes
at 20, 30, and 40 DAF.

We further performed KEGG enrichment analysis on DEGs to gain insight into the key
regulators of Chl degradation during senescence. Given the almost complete degradation
of Chl in ZX4 seeds at 50 DAF (Figure 1B), we analyzed only those genes differentially
expressed at 20, 30, and 40 DAF (Figure 3C). Notably, this analysis found genes related to
the Chl metabolism pathway or photosynthesis pathway to be enriched in each of the three
periods. Chl metabolism is essential for maintaining plant photosynthesis and the green
phenotype. Specifically, 52, 75, and 51 Chl metabolic pathway genes were enriched at 20,
30, and 40 DAF, respectively, and photosynthesis-antenna pathway genes were enriched at
all time points.

We further analyzed the relative expression of key factors in Chl metabolism pathways
at 20, 30, and 40 DAF (Figure 4A). At 20 and 30 DAF, ZX12 exhibited up-regulation of
11 key regulators of Chl synthesis (GmGSA, GmHEMB, GmHEMC, GmHEMD, GmHEME,
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GmHEMG, GmCHLH, GmCHLM, GmCRD, GmPORA, and GmDVR), of which GmHEMA
was up-regulated relative to ZX4 at 20 DAF and GmHEMF down-regulated at 30 DAF.
At 40 DAF, ZX12 exhibited higher expression levels of GmHEMB, GmHEMC, GmHEMD,
GmCHLG, and GmCHLM than ZX4, and conversely lower levels of GmHEMA, GmGSA,
GmHEME, GmHEMF, GmHEMG, GmCHLH, GmCRD, GmPORA, and GmDVR. Regarding
Chl cycle genes, expression of GmNYC1 in ZX12 was down-regulated relative to ZX4 at
20 DAF, but up-regulated at 30 and 40 DAF. Meanwhile, the expression of GmHCAR and
GmCAO in ZX12 was down-regulated and GmCHLG was up-regulated at all time points.
Finally, of the genes involved in Chl degradation, expression of GmSGR and GmPAO was
up-regulated in ZX12 at 20 DAF relative to ZX4 and down-regulated at 30 and 40 DAF.
Meanwhile, expression of GmPPH and GmRCCR was down-regulated in ZX12 at 20 and
40 DAF, and up-regulated at 30 DAF. qRT-PCR was performed to verify the expression
levels of key factors involved in Chl synthesis, cycling, and degradation at 20 and 40 DAF.
The results were consistent with the transcriptome profiles described above (Figure S3).

We similarly examined the expression of key genes in the photosynthesis pathway.
Regarding photosynthetic system I, all genes were up-regulated in ZX12 relative to ZX4 at
20 and 30 DAF (namely GmPsaD, GmPsaE, GmPsaF, GmPsaG, GmPsaH, GmPsaK, GmPsaL,
GmPsaN, and GmPsaO), while most genes were down-regulated at 40 DAF (specifically
GmPsaD, GmPsaF, GmPsaG, GmPsaH, GmPsaL, and GmPsaN). Meanwhile, of genes in
photosystem II, GmPetC was comparatively down-regulated in ZX12 at 40 DAF, but all
other genes were up-regulated at all time points (namely GmD1, GmD2, Gmcp43, Gmcp47,
and GmPetN). Several key genes involved in ATP synthesis were also mainly up-regulated
in ZX12, namely genes of the Cytochrome b6f complex (GmPetC and GmPetN), F-type
ATPase (Gmalpha, Gmgamma, Gmdelta, Gmepsilon Gma, and Gmb), and electron transport
(GmPetE, GmPetF, GmPetH and GmpetJ). Genes down-regulated include GmPetC, GmPetE,
Gmgamma, and Gmdelta at 40 DAF, and GmPetF and GmPetH at 20 DAF (Figure 4B).

3.4. Metabolome Analysis of ZX4 and ZX12 Seeds at Different Stages of Maturity Identified a
Differential Abundance of Flavonoids

As the end product of the regulation of the life process, metabolite contents reflect
levels of gene transcription and protein expression. In addition, the accumulation of
metabolites determines a plant’s nutritional quality phenotype. We performed widely
untargeted metabolic analysis on ZX4 and ZX12 soybean seeds at 20, 30, and 40 DAF to
dissect the late-senescent mechanism at the metabolic level. A total of 294 metabolites
were annotated in all samples, including flavonoids, alkaloids, terpenoids, phenolic acids,
lignans, and coumarins. Metabolites with VIP scores ≥ 1 and Log2FC (fold change) ≥ 1
were considered to be differentially abundant in the two varieties. Overall, 56, 73, and
80 differential metabolites were identified at 20, 30, and 40 DAF, respectively. In total,
137 metabolites were differentially abundant in at least one stage, with 35% of those being
flavonoids (Figure 5A). In particular, farrerol-7-O-glucoside (PubChem CID: 102255414,
Log2FC ≥ 13.75), cyanidin-3-O-(6”-O-feruloyl) glucoside (Zmmp002642, Log2FC ≥ 12.01),
and kaempferide-3-O-(6”-malonyl) glucoside (Zmhp006502, Log2FC ≥ 10.79) were specif-
ically accumulated in ZX12 while absent in ZX4 at all three stages; this indicates that
flavonoids are the primary contributors to the metabolic variation between ZX4 and ZX12
seeds (Figure 5B).
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Figure 4. Chl metabolism and photosynthesis pathway-related genes are differentially expressed in
ZX12/ZX4 at 20, 30 and 40 DAF time. (A) Heat map of Chl metabolism gene expression. (B) Heat map
of key gene expression in photosynthesis pathway. The value of the heat map is the log2 (ZX12/ZX4)
value of the ratio of the expression in RNA-seq.
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Figure 5. Metabolome analysis of differential metabolic profile between ZX4 and ZX12 seeds at
different maturity stages. (A) Classification of differential metabolites. (B) The combination of the top
10 upregulating and downregulating metabolites in three periods. (C) Cluster analysis of expression
patterns of differential metabolites. (D) Group metabolite expression heat map.
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We next clustered the accumulation patterns of differentially abundant flavonoids at
the three stages using C-Means clustering, which yielded six clusters (Figure 5C,D). The
flavonoids in clusters 3, 4, and 6 had reduced or relatively low abundance in ZX4 while
displaying increased or higher accumulation over time in ZX12. Meanwhile, flavonoids
in clusters 1, 2, and 5 lacked any apparent patterns of differential accumulation between
ZX4 and ZX12. We further mapped the differential flavonoids of clusters 3, 4, and 6 to
the flavonoid, isoflavonoid, flavone, and flavonol biosynthesis pathways obtained from
the KEGG database, which revealed them to be widely distributed at upstream or arte-
rial locations in the biosynthesis pathway. For example, naringenin chalcone (PubChem
CID: 5280960) and its product naringenin (PubChem CID: 932) in cluster 6 are key syn-
thetic precursors of a series of downstream flavonoids. Farrerol (PubChem CID: 91144)
is a downstream dimethyl derivative of naringenin; its glycosylation derivative, farrerol-
7-O-glucoside, was a member of cluster 4 and was only detected in ZX12. Daidzein
(PubChem CID: 5281708) and genistein (PubChem CID: 5280961) are the main aglycones of
isoflavonoids, were members of cluster 3. Kaempferol (PubChem CID: 5280863) is a vital
member of the flavonols and possesses antioxidant activity, thus can reduce the damage
caused by oxidative stress. Its five glycosylation or malonyl glycosylation derivatives were
included in clusters 3 and 6. Kaempferide (PubChem CID: 5281666) is a methyl derivative
of kaempferol, and its malonyl glycosylation derivative (kaempferide-3-O-(6”-malonyl)
glucoside) was only detected in ZX12. Taken together, the above results indicate that a rela-
tively high level of flavonoid biosynthesis is maintained in ZX12 as its seed development
proceeds to the mature stage.

3.5. Correlation Analysis of Differential Metabolites and DEGs in the Flavonoid and
Anthocyanin Pathways

We further analyzed the correlation between metabolite levels and the expression of
key flavonoid and anthocyanin synthesis genes at the time points of 20, 30, and 40 DAF
(Figure 6). The results showed that most of the detected flavonoids, isoflavonoids, and
flavonol metabolite content were positively correlated with the expression level of synthetic
genes, especially some of the metabolites at upstream or arterial locations in the synthetic
pathway mentioned above, such as nalingenin chalcone (GLYMA_04G222400), Daidzein
(GLYMA_10G250300), and kaempferol (GLYMA_05G088100). Farrerol-7-O-glucoside, which
is higher in ZX12, is a derivative of Farrerol, and the content of Farrerol was also pos-
itively correlated with the synthetic gene GLYMA_02G048400. Downstream products
kaempferide-3-O-(6”-malonyl) glucoside and cyanidin-3-O-(6”-O-feruloyl) glucoside were
synthesized in large quantities in ZX12; however, the upstream hub products were all
naringenin, and the genes involved in intermediate synthesis steps (GLYMA_04G222400
and GLYMA_05G088100) exhibited a positive correlation.
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4. Discussion
4.1. Unique Delayed Senescence Characteristics Suggest a New Regulatory Mechanism

For typical monocarpic plants, such as soybeans, leaf and even whole-plant senescence,
and death are associated with the production of mature seeds, and the maintenance of
photosynthetic capacity during the grain filling period is often related to the increase of
grain yield [17,54,55]. In previous research, the initial process of delayed senescence in
different crops was mainly described on leaves and delayed senescence in leaves has now
become an agronomic desirable trait [56–59]. However, it has been found that continued
photosynthesis of the pod wall is essential for grain filling, especially during plant senes-
cence [60]. Although some cosmetic stay-green mutants have been found in soybeans, the
seed coat and pod wall remain green after seed maturation. Still, the chloroplast has lost
its photosynthetic capacity and cannot improve crop yield [33,36,39]. Accordingly, this
study selected two soybean germplasms (ZX4 and ZX12) with stable cultivation traits and
different delayed senescence characteristics for examination (Figure 1A). We first observed
the seed late-senescent phenotype of the two germplasms at different DAF, and found
ZX12 to have late-senescent characteristics when compared with ZX4; measurement of Chl
content confirmed ZX12 to have higher Chl content from 20 DAF on. By measuring the Chl
fluorescence intensity under different DAF, it was found that ZX12 had higher fluorescence
intensity, suggesting that ZX12 had higher photosynthetic capacity in the seed maturation
stage. In soybean, GmSARK (leucine-rich repeat receptor-like protein kinase) functionally
deficient transgenic lines showed a late-senescent phenotype and higher Chl content than
the wild type [61]. This was consistent with the phenotype of ZX12, but the correlation
between its high chlorophyll content and crop yield is not described. The dry weight of
100 seeds of ZX12 was higher than that obtained for ZX4, indicating that the late-senescent
phenotype of ZX12 is not due to interruption of the Chl degradation process (Figure S1C).
The soybean delayed senescence mutant z1 had a lower leaf Chl degradation rate and
higher photosynthetic efficiency during maturation than the control varieties, consistent
with the phenotype of ZX12 in this study [62]. For yield-related characteristics, although
z1 had a higher seed mass per plant, the 100-seed weight of z1 was lower than that of
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control varieties, which was inconsistent with the result that ZX12 had a higher 100-grain
dry weight than ZX4. The results suggest that tissue differences that delay senescence
may affect crop yield. In addition, although ZX12 has a delayed senescence phenotype,
the seed coat color of ZX12 still partially changes to yellow when the seed is fully mature.
The study on the cosmetic stay-green soybean variety BN106 showed that the seed coat of
GmSGR-deficient transgenic plants remained green when the seeds were fully mature [44].
The above results indicate that ZX12 was different from typical soybean cosmetic stay-green
mutants. The subtle changes in its late-senescent phenotype may be due to a regulation
mechanism different from those reported in previous studies.

4.2. Genes Relating to Chl Metabolism and Photosynthesis Are Involved in Regulating the
Late-Senescent Phenotype

Transcriptome sequencing was performed on seeds from the two soybean varieties
collected at different DAF. KEGG enrichment analysis of genes differentially expressed at
20, 30, and 40 DAF revealed enrichments of Chl metabolism and photosynthesis pathway-
related genes. We further examined the expression of genes encoding key enzymes in the
Chl metabolism pathway and found ZX12 to have significantly higher expression of Chl
synthase; in addition, genes for Chl-degrading enzymes were partially up-regulated at
the early stage of seed maturity. The significant upregulation of Chl synthase in ZX12 at
20 DAF was consistent with the higher Chl content in ZX12. It is also worth noting that
genes encoding Chl-degrading enzymes were significantly down-regulated in ZX12 relative
to ZX4 at 40 DAF. In tobacco and cucumis melo, overexpression of CHLG can activate the
Chl synthesis pathway [63,64]. Meanwhile, interfering with HEMA mRNA expression in
Arabidopsis can degrade Chl and accelerate the yellowing of leaves [65]. Overexpression
of PORA in Arabidopsis porB-1 porC-1 double mutants can increase Chl synthesis [66].
Therefore, it can be assumed that the high level of Chl synthesis in the early stage of seed
maturation and the low level of degradation in the late stage of seed maturation contribute,
at least in part, to the late-senescent phenotype of ZX12.

Regarding the photosynthesis system, Chl a/b antenna proteins are composed of
photosystem (PS) I and II [67,68] while Light-harvesting complex (LHC) I and II combine
with Chl a and Chl b to carry out photosynthesis [69]. Similar to Chl content, our analysis
of the expression of key genes in the photosynthetic system showed that the system is
mainly up-regulated in ZX12 at the time points examined. Previous studies have found the
expression of photosynthetic genes to be affected by other factors (hormones, light intensity,
carbon dioxide concentration, etc.) and negatively correlated with leaf senescence [67,70].
These results indicate ZX12 to have a higher photosynthetic efficiency than ZX4 during
seed maturation, which is consistent with the continuous increase observed in the dry
100-seed weight of ZX12 through 50 DAF.

4.3. Flavonoids Inhibit Chlorophyll Degradation by Scavenging Oxygen Free Radicals

Plant metabolites play important roles in plant growth and development [71]. To
study whether metabolite levels during seed maturation affect late-senescent phenotype
of ZX12, we conducted an untargeted metabolic analysis of ZX4 and ZX12 seeds at 20, 30,
and 40 DAF. In total, 294 metabolites were detected, of which flavonoids were the primary
type to have differential abundances. Flavonoids are important compounds closely related
to the color of plant organs. Recent studies have also found that flavonoids can regulate
key enzymes, participate in antioxidant defense, have antimicrobial activity, and increase
plant biological and abiotic stress resistance [72–74]. In particular, flavonoids can scavenge
oxygen free radicals produced in plants, known as reactive oxygen species (ROS) [75].
These oxygen free radicals can induce oxidative damage in plants, leading to increased
plant senescence and resistance [76]. Studies have shown that ROS accumulation and
antioxidant enzymes correlate with chlorophyll content during senescence [77]. POD and
SOD activities in mung beans were positively correlated with chlorophyll content [78].
The accumulation of ROS in cucumbers can regulate the expression of Chl catabolic en-
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zymes and participate in the chlorophyll degradation process [18]. In Arabidopsis thaliana,
AtWRKY42 accelerated age-dependent leaf senescence by accumulating H2O2 [35]. There-
fore, flavonoids may constitute a ‘secondary’ antioxidant system activated due to the
depletion of antioxidant enzyme activity. It was found that the antioxidant enzyme activity
and Chl degradation rate of ZX12 were lower than that of ZX4, which was different from
previous studies. It was speculated that the late-senescent germplasms were under lower
stress or had other antioxidant components involved in scavenging ROS. In addition, com-
pared with ZX4, ZX12 has three unique and abundant metabolites during senescence, all of
which are flavonoids (farrerol-7-O-glucoside, cyanidin-3-O-(6”-O-feruloyl) glucoside, and
kaempferide-3-O-(6”-malonyl) glucoside); accordingly, we speculate that flavonoids are
the main protective substances in the late-senescent seeds of ZX12. It is worth noting that
chloroplasts harbor “antioxidant” flavonoids (dihydroxy-B-ring-substituted flavonoids),
which act as scavengers of singlet oxygen and stabilizers of the outer chloroplast mem-
brane [79]. The flavonoids in chloroplasts may also maintain the integrity of the envelope
through lipid remodeling during cell dehydration, thereby preventing oxidative dam-
age [79–82]. Interestingly, the cyanidin-3-O-(6”-O-feruloyl) glucoside detected in ZX12 has
a dihydroxy-B-ring structure, and farrerol-7-O-glucoside is a downstream derivative of
farrerol, which has a monohydroxy-B-ring structure (Figure S4). The presence of these
structures suggests these flavonoids may play key roles in scavenging oxygen free radicals
in chloroplasts.

5. Conclusions

Based on the above results, we propose a hypothetical model to illustrate the regulation
mode of ZX12 seed late-senescent phenotype (Figure 7). Relative to ZX4, ZX12 seeds
exhibited high expression of Chl synthesis genes and maintained a high Chl synthesis
rate in the early stage of senescence, and also featured low expression of Chl degradation
genes and maintained a low Chl degradation rate in the late stage. The high expression of
photosynthesis-related genes was consistent with the phenotype of seed photosynthesis
in the later stage of maturity. In addition, the metabolomic analysis found flavonoids to
be the main differentially expressed metabolites. Three flavonoid metabolites unique to
ZX12 (farrerol-7-O-glucoside, cyanidin-3-O-(6”-O-ferroyl) glucoside, and kaempferide-3-
O-(6”-malonyl) glucoside) may act to slow the degradation of Chl by scavenging oxygen
free radicals in the chloroplasts. However, the specific regulation mechanism remains to be
further studied.



Antioxidants 2022, 11, 2480 16 of 19

Antioxidants 2022, 11, x FOR PEER REVIEW 16 of 19 
 

free radicals in the chloroplasts. However, the specific regulation mechanism remains to 
be further studied. 

 
Figure 7. The proposed model affecting the difference of stay-green ability between ZX12 and ZX4 
seeds at mature stages. The font in red indicates that they are positively regulated in ZX12; red boxes 
represent up-regulation; green boxes represent down-regulation; and the arrow represents promo-
tion, and the T represents inhibition. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: Seed characters between ZX4 and ZX12 at different maturity 
stages; Figure S2: GO enrichment analysis of differential genes between ZX12 and ZX4; Figure S3: 
Expression level of Chl metabolism key genes validated by RT-qPCR in ZX12 and ZX4 seeds at 20 
and 40 DAF time; Figure S4: Chemical structures of three flavonoid metabolites unique to ZX12; 
Table S1: Primers used for qRT-PCR; Table S2: Mapping statistics of RNA-Seq data. 

Author Contributions: S.L.: Data curation, Investigation. X.F.: Data curation, Investigation. X.L.: 
Visualization, Formal analysis. J.W.: Data curation, Writing—original draft. G.C.: Visualization, 
Writing—original draft. X.T.: Formal analysis. Z.-H.C.: Formal analysis. S.X.: Conceptualization, Su-
pervision, Writing—review & editing. All authors have read and agreed to the published version of 
the manuscript. 

Funding: This research was funded by the Key R&D Program of Zhejiang Province (2021C02009) 
and the National Natural Science Foundation of China (NSFC 31900395, 32001456). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The sequence files presented in this study are openly available in 
NCBI, accession number: PRJNA904140. The metabolomics data presented in this study are openly 
available in The National Omics Data Encyclopedia, project ID: OEP003774. 

Conflicts of Interest: The authors declare no conflict of interest. 

  

Figure 7. The proposed model affecting the difference of stay-green ability between ZX12 and ZX4
seeds at mature stages. The font in red indicates that they are positively regulated in ZX12; red boxes
represent up-regulation; green boxes represent down-regulation; and the arrow represents promotion,
and the T represents inhibition.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11122480/s1, Figure S1: Seed characters between ZX4 and
ZX12 at different maturity stages; Figure S2: GO enrichment analysis of differential genes between
ZX12 and ZX4; Figure S3: Expression level of Chl metabolism key genes validated by RT-qPCR
in ZX12 and ZX4 seeds at 20 and 40 DAF time; Figure S4: Chemical structures of three flavonoid
metabolites unique to ZX12; Table S1: Primers used for qRT-PCR; Table S2: Mapping statistics of
RNA-Seq data.

Author Contributions: S.L.: Data curation, Investigation. X.F.: Data curation, Investigation. X.L.:
Visualization, Formal analysis. J.W.: Data curation, Writing—original draft. G.C.: Visualization,
Writing—original draft. X.T.: Formal analysis. Z.-H.C.: Formal analysis. S.X.: Conceptualization,
Supervision, Writing—review & editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Key R&D Program of Zhejiang Province (2021C02009)
and the National Natural Science Foundation of China (NSFC 31900395, 32001456).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The sequence files presented in this study are openly available in NCBI,
accession number: PRJNA904140. The metabolomics data presented in this study are openly available
in The National Omics Data Encyclopedia, project ID: OEP003774.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/antiox11122480/s1
https://www.mdpi.com/article/10.3390/antiox11122480/s1


Antioxidants 2022, 11, 2480 17 of 19

References
1. Williams Ii, M.M. Phenomorphological Characterization of Vegetable Soybean Germplasm Lines for Commercial Production.

Crop Sci. 2015, 55, 1274–1279. [CrossRef]
2. Zhang, Q.; Li, Y.; Chin, K.L.; Qi, Y. Vegetable soybean: Seed composition and production research. Ital. J. Agron. 2017, 12, 276–282.

[CrossRef]
3. Wang, K.C. Food Safety and Contract Edamame: The Geopolitics of the Vegetable Trade in East Asia. Geogr. Rev. 2018, 108,

274–295. [CrossRef]
4. Zhang, L.; Kyei-Boahen, S. Growth and Yield of Vegetable Soybean (Edamame) in Mississippi. Horttechnology 2007, 17, 26–31.

[CrossRef]
5. Koes, R.; Verweij, W.; Quattrocchio, F. Flavonoids: A colorful model for the regulation and evolution of biochemical pathways.

Trends Plant Sci. 2005, 10, 236–242. [CrossRef]
6. Wu, Q.; Wang, M.; Sciarappa, W.J.; Simon, J.E. LC/UV/ESI-MS Analysis of Isoflavones in Edamame and Tofu Soybeans. J. Agric.

Food Chem. 2004, 52, 2763. [CrossRef] [PubMed]
7. Jiang, G.L.; Katuuramu, D.N. Comparison of seed fatty and amino acids in edamame dried using two oven-drying methods and

mature soybeans. J. Sci. Food Agric. 2021, 101, 1515–1522. [CrossRef]
8. Xu, Y.; Cartier, A.; Kibet, D.; Jordan, K.; Hakala, I.; Davis, S.; Sismour, E.; Kering, M.; Rutto, L. Physical and nutritional properties

of edamame seeds as influenced by stage of development. J. Food Meas. Charact. 2016, 10, 193–200. [CrossRef]
9. Zhang, J.; Fengler, K.A.; Van Hemert, J.L.; Gupta, R.; Mongar, N.; Sun, J.; Allen, W.B.; Wang, Y.; Weers, B.; Mo, H. Identification

and characterization of a novel stay-green QTL that increases yield in maize. Plant Biotechnol. J. 2019, 17, 2272–2285. [CrossRef]
10. Thomas, H.; Howarth, C. Five ways to stay green. J. Exp. Bot. 2000, 51, 329–337. [CrossRef]
11. Yang, K.; An, J.P.; Li, C.Y.; Shen, X.N.; Liu, Y.J.; Wang, D.R.; Ji, X.L.; Hao, Y.J.; You, C.X. The apple C2H2-type zinc finger

transcription factor MdZAT10 positively regulates JA-induced leaf senescence by interacting with MdBT2. Hortic. Res. 2021,
8, 159. [CrossRef] [PubMed]

12. Akimoto, K.; Kuroda, S. Quality of Green Soybeans Packaged in Perforated PE/PP Film. J. Jpn. Soc. Hortic. Sci. 1981, 50, 100–107.
[CrossRef]

13. Ergo, V.V.; Veas, R.E.; Vega, C.R.C.; Lascano, R.; Carrera, C.S. Leaf photosynthesis and senescence in heated and droughted
field-grown soybean with contrasting seed protein concentration. Plant Physiol. Biochem. 2021, 166, 437–447. [CrossRef] [PubMed]

14. Himelblau, E.; Amasino, R.M. Nutrients mobilized from leaves of Arabidopsis thaliana during leaf senescence. J. Plant Physiol.
2001, 158, 1317–1323. [CrossRef]

15. Wang, H.; Schippers, J.H.M. The Role and Regulation of Autophagy and the Proteasome During Aging and Senescence in Plants.
Genes 2019, 10, 267. [CrossRef]

16. Yoshida, S. Molecular regulation of leaf senescence. Curr. Opin. Plant Biol. 2003, 6, 79–84. [CrossRef] [PubMed]
17. Gregersen, P.; Culetic, A.; Boschian, L.; Krupinska, K. Plant senescence and crop productivity. Plant Mol. Biol. 2013, 82, 603–622.

[CrossRef]
18. Li, X.; Ma, Y.; Li, P.; Zhang, L.; Wang, Y.; Zhang, R.; Wang, N. RNAi-mediated knocking-down ofrlpk2 gene retarded soybean leaf

senescence. Chin. Sci. Bull. 2005, 50, 1218–1224. [CrossRef]
19. Thomas, H. Senescence, ageing and death of the whole plant. New Phytol. 2013, 197, 696–711. [CrossRef]
20. Smolikova, G.; Dolgikh, E.; Vikhnina, M.; Frolov, A.; Medvedev, S. Genetic and Hormonal Regulation of Chlorophyll Degradation

during Maturation of Seeds with Green Embryos. Int. J. Mol. Sci. 2017, 18, 1993. [CrossRef]
21. Nakajima, S.; Ito, H.; Tanaka, R.; Tanaka, A. Chlorophyll b Reductase Plays an Essential Role in Maturation and Storability of

Arabidopsis Seeds. Plant Physiol. 2012, 160, 261–273. [CrossRef]
22. Smolikova, G.; Laman, N.; Boriskevich, O. Role of Chlorophylls and Carotenoids in Seed Tolerance to Abiotic Stressors. Russ.

J. Plant Physiol. 2011, 58, 965–973. [CrossRef]
23. Ye, J.; Yang, W.; Li, Y.; Shiwen, W.; Yin, L.; Deng, X.P. Seed Pre-Soaking with Melatonin Improves Wheat Yield by Delaying Leaf

Senescence and Promoting Root Development. Agronomy 2020, 10, 84. [CrossRef]
24. Hörtensteiner, S. Stay-green regulates chlorophyll and chlorophyll-binding protein degradation during senescence. Trends Plant

Sci. 2009, 14, 14–155. [CrossRef] [PubMed]
25. Harbach, C.J.; Allen, T.W.; Bowen, C.R.; Davis, J.A.; Hill, C.B.; Leitman, M.; Leonard, B.R.; Mueller, D.S.; Padgett, G.B.; Phillips,

X.A.; et al. Delayed Senescence in Soybean: Terminology, Research Update, and Survey Results from Growers. Plant Health Prog.
2016, 17, 76–83. [CrossRef]

26. Kusaba, M.; Ito, H.; Morita, R.; Iida, S.; Sato, Y.; Fujimoto, M.; Kawasaki, S.; Tanaka, R.; Hirochika, H.; Nishimura, M.; et al. Rice
NON-YELLOW COLORING1 is involved in light-harvesting complex ii and grana degradation during leaf senescence. Plant Cell
2007, 19, 1362–1375. [CrossRef]

27. Sato, Y.; Morita, R.; Katsuma, S.; Nishimura, M.; Tanaka, A.; Kusaba, M. Two short-chain dehydrogenase/reductases, NON-
YELLOW COLORING 1 and NYC1-LIKE, are required for chlorophyll b and light-harvesting complex II degradation during
senescence in rice. Plant J. 2008, 57, 120–131. [CrossRef]

28. Meguro, M.; Ito, H.; Takabayashi, A.; Tanaka, R.; Tanaka, A. Identification of the 7-hydroxymethyl chlorophyll a reductase of the
chlorophyll cycle in Arabidopsis. Plant Cell 2011, 23, 3442–3453. [CrossRef]

http://doi.org/10.2135/cropsci2014.10.0690
http://doi.org/10.4081/ija.2017.872
http://doi.org/10.1111/gere.12254
http://doi.org/10.21273/HORTTECH.17.1.26
http://doi.org/10.1016/j.tplants.2005.03.002
http://doi.org/10.1021/jf035053p
http://www.ncbi.nlm.nih.gov/pubmed/15137811
http://doi.org/10.1002/jsfa.10766
http://doi.org/10.1007/s11694-015-9293-9
http://doi.org/10.1111/pbi.13139
http://doi.org/10.1093/jexbot/51.suppl_1.329
http://doi.org/10.1038/s41438-021-00593-0
http://www.ncbi.nlm.nih.gov/pubmed/34193837
http://doi.org/10.2503/jjshs.50.100
http://doi.org/10.1016/j.plaphy.2021.06.008
http://www.ncbi.nlm.nih.gov/pubmed/34157606
http://doi.org/10.1078/0176-1617-00608
http://doi.org/10.3390/genes10040267
http://doi.org/10.1016/S1369526602000092
http://www.ncbi.nlm.nih.gov/pubmed/12495755
http://doi.org/10.1007/s11103-013-0013-8
http://doi.org/10.1007/BF03183696
http://doi.org/10.1111/nph.12047
http://doi.org/10.3390/ijms18091993
http://doi.org/10.1104/pp.112.196881
http://doi.org/10.1134/S1021443711060161
http://doi.org/10.3390/agronomy10010084
http://doi.org/10.1016/j.tplants.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19237309
http://doi.org/10.1094/PHP-RV-16-0008
http://doi.org/10.1105/tpc.106.042911
http://doi.org/10.1111/j.1365-313X.2008.03670.x
http://doi.org/10.1105/tpc.111.089714


Antioxidants 2022, 11, 2480 18 of 19

29. Sakuraba, Y.; Kim, Y.S.; Yoo, S.C.; Hörtensteiner, S.; Paek, N.C. 7-Hydroxymethyl chlorophyll a reductase functions in metabolic
channeling of chlorophyll breakdown intermediates during leaf senescence. Biochem. Biophys. Res. Commun. 2013, 430, 32–37.
[CrossRef]

30. Xie, Q.; Liang, Y.; Zhang, J.; Zheng, H.; Dong, G.; Qian, Q.; Zuo, J. Involvement of a Putative Bipartite Transit Peptide in Targeting
Rice Pheophorbide a Oxygenase into Chloroplasts for Chlorophyll Degradation during Leaf Senescence. J. Genet. Genom. 2016, 43,
145–154. [CrossRef]

31. Das, A.; Christ, B.; Hörtensteiner, S. Characterization of the pheophorbide a oxygenase/phyllobilin pathway of chlorophyll
breakdown in grasses. Planta 2018, 248, 875–892. [CrossRef] [PubMed]

32. Schelbert, S.; Aubry, S.; Burla, B.; Agne, B.; Kessler, F.; Krupinska, K.; Hörtensteiner, S. Pheophytin pheophorbide hydrolase
(pheophytinase) is involved in chlorophyll breakdown during leaf senescence in Arabidopsis. Plant Cell 2009, 21, 767–785.
[CrossRef]

33. Fang, C.; Li, C.; Li, W.; Wang, Z.; Zhou, Z.; Shen, Y.; Wu, M.; Wu, Y.; Li, G.; Kong, L.A.; et al. Concerted evolution of D1 and D2 to
regulate chlorophyll degradation in soybean. Plant J. 2014, 77, 700–712. [CrossRef] [PubMed]

34. Zhang, D.; Wu, S.; Li, N.; Gao, J.; Liu, S.; Zhu, S.; Li, Z.; Ren, G.; Kuai, B. Chemical induction of leaf senescence and powdery
mildew resistance involves ethylene-mediated chlorophyll degradation and ROS metabolism in cucumber. Hortic. Res. 2022,
9, uhac101. [CrossRef] [PubMed]

35. Niu, F.; Cui, X.; Zhao, P.; Sun, M.; Yang, B.; Deyholos, M.K.; Li, Y.; Zhao, X.; Jiang, Y.Q. WRKY42 transcription factor positively
regulates leaf senescence through modulating SA and ROS synthesis in Arabidopsis thaliana. Plant J. 2020, 104, 171–184. [CrossRef]
[PubMed]

36. Ott, A.; Yang, Y.; Bhattacharyya, M.; Horner, H.T.; Palmer, R.G.; Sandhu, D. Molecular Mapping of D1, D2 and ms5 Revealed
Linkage between the Cotyledon Color Locus D2 and the Male-Sterile Locus ms5 in Soybean. Plants 2013, 2, 441–454. [CrossRef]

37. Luquez, V.M.; Guiamét, J.J. Effects of the ‘Stay Green’ Genotype GGd1d1d2d2 on Leaf Gas Exchange, Dry Matter Accumulation
and Seed Yield in Soybean (Glycine max L. Merr.). Ann. Bot. 2001, 87, 313–318. [CrossRef]

38. Thomas, H.; Smart, C.M. Crops that Stay Green. Ann. Appl. Biol. 1993, 123, 193–219. [CrossRef]
39. Guiamét, J.J.; Tyystjärvi, E.; Tyystjärvi, T.; John, I.; Kairavuo, M.; Pichersky, E.; Noodén, L.D. Photoinhibition and loss of

photosystem II reaction centre proteins during senescence of soybean leaves. Enhancement of photoinhibition by the ‘stay-green’
mutation cytG. Physiol. Plant. 2002, 115, 468–478. [CrossRef]

40. Myers, J.R.; Aljadi, M.; Brewer, L. The Importance of Cosmetic Stay-Green in Specialty Crops. In Plant Breeding Reviews; Goldman,
I., Ed.; John Wiley & Sons: Hoboken, NJ, USA, 2018; Volume 42, pp. 219–256.

41. Nakano, M.; Yamada, T.; Masuda, Y.; Sato, Y.; Kobayashi, H.; Ueda, H.; Morita, R.; Nishimura, M.; Kitamura, K.; Kusaba, M. A
Green-Cotyledon/Stay-Green Mutant Exemplifies the Ancient Whole-Genome Duplications in Soybean. Plant Cell Physiol. 2014,
55, 1763–1771. [CrossRef]

42. Park, S.Y.; Yu, J.W.; Park, J.S.; Li, J.; Yoo, S.C.; Lee, N.Y.; Lee, S.K.; Jeong, S.W.; Seo, H.S.; Koh, H.J.; et al. The senescence-induced
staygreen protein regulates chlorophyll degradation. Plant Cell 2007, 19, 1649–1664. [CrossRef] [PubMed]

43. Sakuraba, Y.; Schelbert, S.; Park, S.Y.; Han, S.H.; Lee, B.D.; Andres, C.B.; Kessler, F.; Hortensteiner, S.; Paek, N.C. STAY-GREEN
and chlorophyll catabolic enzymes interact at light-harvesting complex II for chlorophyll detoxification during leaf senescence in
Arabidopsis. Plant Cell 2012, 24, 507–518. [CrossRef] [PubMed]

44. Wang, C.; Gao, L.; Li, R.Z.; Wang, Y.; Liu, Y.Y.; Zhang, X.; Xie, H. High-throughput sequencing reveals the molecular mechanisms
determining the stay-green characteristic in soybeans. J. Biosci. 2020, 45, 103. [CrossRef] [PubMed]

45. Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. In Methods in Enzymology; Packer,
L., Douce, R., Eds.; Academic Press: New York, NY, USA, 1987; Volume 148, pp. 350–382.

46. Hou, G.; Littlejohn, S.S. Visualization of Green and Red Leaf Structures in Flowering Pear Pyrus Calleryana Using Integrated
Microscopy. J. Plant Sci. 2014, 1, 28–32.

47. Khonchaisri, R.; Sumonsiri, N.; Prommajak, T.; Rachtanapun, P.; Leksawasdi, N.; Techapun, C.; Taesuwan, S.; Halee, A.; Nunta, R.;
Khemacheewakul, J. Optimization of Ultrasonic-Assisted Bioactive Compound Extraction from Green Soybean (Glycine max L.)
and the Effect of Drying Methods and Storage Conditions on Procyanidin Extract. Foods 2022, 11, 1775. [CrossRef]

48. Dubois, M.; Giles, K.; Rebers, P.; Smith, F. Colorimetric method for determination of sugar and related substances. Anal. Chem.
1955, 28, 350–356. [CrossRef]

49. Xu, C.J.; Chen, W.J.; Chen, K.S.; Zhang, S.L. A simple method for determining the content of starch-iodine colorimety. Biotechnology
1998, 8, 41–43.

50. Liu, C.H.; Di, Y.P. Analysis of RNA Sequencing Data Using CLC Genomics Workbench. In Molecular Toxicology Protocols;
Keohavong, P., Singh, K.P., Gao, W., Eds.; Springer: New York, NY, USA, 2020; pp. 61–113.

51. Boyle, E.I.; Weng, S.; Jeremy, G.; Jin, H.; David, B.; Michael, C.J.; Gavin, S. GO::TermFinder—Open source software for accessing
Gene Ontology information and finding significantly enriched Gene Ontology terms associated with a list of genes. Bioinformatics
2004, 18, 3710–3715. [CrossRef]

52. Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3—New capabilities and
interfaces. Nucleic Acids Res. 2012, 40, e115. [CrossRef]

53. Hu, R.; Fan, C.; Hongyu, L.; Zhang, Q.; Fu, Y.F. Evaluation of putative reference genes for gene expression normalization in
soybean by quantitative real-time RT-PCR. BMC Mol. Biol. 2009, 10, 93. [CrossRef]

http://doi.org/10.1016/j.bbrc.2012.11.050
http://doi.org/10.1016/j.jgg.2015.09.012
http://doi.org/10.1007/s00425-018-2946-2
http://www.ncbi.nlm.nih.gov/pubmed/29951845
http://doi.org/10.1105/tpc.108.064089
http://doi.org/10.1111/tpj.12419
http://www.ncbi.nlm.nih.gov/pubmed/24372721
http://doi.org/10.1093/hr/uhac101
http://www.ncbi.nlm.nih.gov/pubmed/35795391
http://doi.org/10.1111/tpj.14914
http://www.ncbi.nlm.nih.gov/pubmed/32634860
http://doi.org/10.3390/plants2030441
http://doi.org/10.1006/anbo.2000.1324
http://doi.org/10.1111/j.1744-7348.1993.tb04086.x
http://doi.org/10.1034/j.1399-3054.2002.1150317.x
http://doi.org/10.1093/pcp/pcu107
http://doi.org/10.1105/tpc.106.044891
http://www.ncbi.nlm.nih.gov/pubmed/17513504
http://doi.org/10.1105/tpc.111.089474
http://www.ncbi.nlm.nih.gov/pubmed/22366162
http://doi.org/10.1007/s12038-020-00074-x
http://www.ncbi.nlm.nih.gov/pubmed/32975230
http://doi.org/10.3390/foods11121775
http://doi.org/10.1021/ac60111a017
http://doi.org/10.1093/bioinformatics/bth456
http://doi.org/10.1093/nar/gks596
http://doi.org/10.1186/1471-2199-10-93


Antioxidants 2022, 11, 2480 19 of 19

54. Thomas, H.; Ougham, H. The stay-green trait. J. Exp. Bot. 2014, 65, 3889–3900. [CrossRef] [PubMed]
55. Fu, J.D.; Yan, Y.F.; Kim, M.Y.; Lee, S.H.; Lee, B.W. Population-specific quantitative trait loci mapping for functional stay-green trait

in rice (Oryza sativa L.). Genome 2011, 54, 235–243. [CrossRef] [PubMed]
56. Yoo, S.C.; Cho, S.H.; Zhang, H.; Paik, H.C.; Paek, N.C. Quantitative trait loci associated with functional stay-green SNU-SG1 in

rice. Mol. Cells 2007, 24, 83–94.
57. Fu, J.D.; Yan, Y.F.; Lee, B.W. Physiological characteristics of a functional stay-green rice “SNU-SG1” during grain-filling period.

J. Crop Sci. Biotechnol. 2009, 12, 47–52. [CrossRef]
58. Ren, T.; Fan, T.; Chen, S.; Chen, Y.; Ou, X.; Jiang, Q.; Peng, W.; Ren, Z.; Tan, F.; Luo, P.; et al. Identification and validation of

quantitative trait loci for the functional stay green trait in common wheat (Triticum aestivum L.) via high-density SNP-based
genotyping. Theor. Appl. Genet. 2022, 135, 1429–1441. [CrossRef] [PubMed]

59. Wang, N.; Zhang, Y.; Huang, S.; Liu, Z.; Li, C.; Feng, H. Defect in Brnym1, a magnesium-dechelatase protein, causes a stay-green
phenotype in an EMS-mutagenized Chinese cabbage (Brassica campestris L. ssp. pekinensis) line. Hortic. Res. 2020, 7, 1–11.
[CrossRef]

60. Wang, H.; Hou, L.; Wang, M.; Mao, P. Contribution of the pod wall to seed grain filling in alfalfa. Sci. Rep. 2016, 6, 26586.
[CrossRef]

61. Li, X.P.; Gan, R.; Li, P.L.; Ma, Y.Y.; Zhang, L.W.; Zhang, R.; Wang, Y.; Wang, N.N. Identification and functional characterization of
a leucine-rich repeat receptor-like kinase gene that is involved in regulation of soybean leaf senescence. Plant Mol. Biol. 2006, 61,
829–844. [CrossRef]

62. Wang, P.; Hou, S.Y.; Wen, H.W.; Wang, Q.Z.; Li, G.Q. Chlorophyll retention caused by STAY-GREEN (SGR) gene mutation
enhances photosynthetic efficiency and yield in soybean hybrid Z1. Photosynthetica 2020, 59, 37–48. [CrossRef]

63. Shalygo, N.; Czarnecki, O.; Peter, E.; Grimm, B. Expression of chlorophyll synthase is also involved in feedback-control of
chlorophyll biosynthesis. Plant Mol. Biol. 2009, 71, 425–436. [CrossRef]

64. Shah, A.A.; Yasin, N.A.; Mudassir, M.; Ramzan, M.; Hussain, I.; Siddiqui, M.H.; Ali, H.M.; Shabbir, Z.; Ali, A.; Ahmed, S.; et al.
Iron oxide nanoparticles and selenium supplementation improve growth and photosynthesis by modulating antioxidant system
and gene expression of chlorophyll synthase (CHLG) and protochlorophyllide oxidoreductase (POR) in arsenic-stressed Cucumis
melo. Environ. Pollut. 2022, 307, 119413. [CrossRef] [PubMed]

65. Kumar, A.M.; Söll, D. Antisense HEMA1 RNA Expression Inhibits Heme and Chlorophyll Biosynthesis in Arabidopsis. Plant
Physiol. 2000, 122, 49–56. [CrossRef] [PubMed]

66. Paddock, T.; Mason, M.; Lima, D.; Armstrong, G. Arabidopsis protochlorophyllide oxidoreductase A (PORA) restores bulk
chlorophyll synthesis and normal development to a porB porC double mutant. Plant Mol. Biol. 2009, 72, 445–457. [CrossRef]
[PubMed]

67. Berry, J.O.; Yerramsetty, P.; Zielinski, A.M.; Mure, C.M. Photosynthetic gene expression in higher plants. Photosynth. Res. 2013,
117, 91–120. [CrossRef]

68. Mirkovic, T.; Ostroumov, E.E.; Anna, J.M.; van Grondelle, R.; Govindjee; Scholes, G.D. Light Absorption and Energy Transfer in
the Antenna Complexes of Photosynthetic Organisms. Chem. Rev. 2017, 117, 249–293. [CrossRef]

69. Ben-Shem, A.; Frolow, F.; Nelson, N. Crystal structure of plant photosystem I. Nature 2003, 426, 630–635. [CrossRef]
70. Ludewig, F.; Sonnewald, U. High CO2-mediated down-regulation of photosynthetic gene transcripts is caused by accelerated leaf

senescence rather than sugar accumulation. FEBS Lett. 2000, 479, 19–24. [CrossRef]
71. De Filippis, L.F. Plant Secondary Metabolites: From Molecular Biology to Health Products; Azooz, M.M., Ahmad, P., Eds.; John Wiley &

Sons Ltd.: Hoboken, NJ, USA, 2015; pp. 263–299.
72. Guo, Y.; Wang, T.; Fu, F.F.; El-Kassaby, Y.A.; Wang, G. Temporospatial Flavonoids Metabolism Variation in Ginkgo biloba Leaves.

Front. Genet. 2020, 11, 589326. [CrossRef]
73. Pietta, P.G. Flavonoids as Antioxidants. J. Nat. Prod. 2000, 63, 1035–1042. [CrossRef]
74. Singh, P.; Arif, Y.; Bajguz, A.; Hayat, S. The role of quercetin in plants. Plant Physiol. Biochem. 2021, 166, 10–19. [CrossRef]
75. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef] [PubMed]
76. Liang, D.; Shen, Y.; Ni, Z.; Wang, Q.; Lei, Z.; Xu, N.; Deng, Q.; Lin, L.; Wang, J.; Lv, X.; et al. Exogenous Melatonin Application

Delays Senescence of Kiwifruit Leaves by Regulating the Antioxidant Capacity and Biosynthesis of Flavonoids. Front. Plant Sci.
2018, 9, 426. [CrossRef] [PubMed]

77. Procházková, D.; Wilhelmová, N. Leaf senescence and activities of the antioxidant enzymes. Biol. Plant. 2007, 51, 401–406.
[CrossRef]

78. Pal, L.; Kar, R.K. Role of Reactive Oxygen Species in Cotyledon Senescence During Early Seedling Stage of Mung Bean [Vigna
radiata (L.) Wilczek]. J. Plant Growth Regul. 2019, 38, 315–324. [CrossRef]

79. Agati, G.; Azzarello, E.; Pollastri, S.; Tattini, M. Flavonoids as antioxidants in plants: Location and functional significance. Plant
Sci. 2012, 196, 67–76. [CrossRef]

80. Inoue, K. Emerging roles of the chloroplast outer envelope membrane. Trends Plant Sci. 2011, 16, 550–557. [CrossRef]
81. Agati, G.; Matteini, P.; Goti, A.; Tattini, M. Chloroplast-located flavonoids can scavenge singlet oxygen. New Phytol. 2007, 174,

77–89. [CrossRef]
82. Moellering, E.R.; Muthan, B.; Benning, C. Freezing Tolerance in Plants Requires Lipid Remodeling at the Outer Chloroplast

Membrane. Science 2010, 330, 226–228. [CrossRef]

http://doi.org/10.1093/jxb/eru037
http://www.ncbi.nlm.nih.gov/pubmed/24600017
http://doi.org/10.1139/G10-113
http://www.ncbi.nlm.nih.gov/pubmed/21423286
http://doi.org/10.1007/s12892-009-0078-8
http://doi.org/10.1007/s00122-022-04044-9
http://www.ncbi.nlm.nih.gov/pubmed/35138422
http://doi.org/10.1038/s41438-019-0223-6
http://doi.org/10.1038/srep26586
http://doi.org/10.1007/s11103-006-0052-5
http://doi.org/10.32615/ps.2020.076
http://doi.org/10.1007/s11103-009-9532-8
http://doi.org/10.1016/j.envpol.2022.119413
http://www.ncbi.nlm.nih.gov/pubmed/35525515
http://doi.org/10.1104/pp.122.1.49
http://www.ncbi.nlm.nih.gov/pubmed/10631248
http://doi.org/10.1007/s11103-009-9582-y
http://www.ncbi.nlm.nih.gov/pubmed/20012672
http://doi.org/10.1007/s11120-013-9880-8
http://doi.org/10.1021/acs.chemrev.6b00002
http://doi.org/10.1038/nature02200
http://doi.org/10.1016/S0014-5793(00)01873-1
http://doi.org/10.3389/fgene.2020.589326
http://doi.org/10.1021/np9904509
http://doi.org/10.1016/j.plaphy.2021.05.023
http://doi.org/10.1017/jns.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/28620474
http://doi.org/10.3389/fpls.2018.00426
http://www.ncbi.nlm.nih.gov/pubmed/29675031
http://doi.org/10.1007/s10535-007-0088-7
http://doi.org/10.1007/s00344-018-9845-4
http://doi.org/10.1016/j.plantsci.2012.07.014
http://doi.org/10.1016/j.tplants.2011.06.005
http://doi.org/10.1111/j.1469-8137.2007.01986.x
http://doi.org/10.1126/science.1191803

	Introduction 
	Materials and Methods 
	Plant Materials and Sample Collection 
	Measurement of Chl Content and Fluorescence Intensity 
	Pod Moisture Content, Seed Moisture Content, and Seed Dry Weight Determination 
	Soluble Sugars, Starch, and Antioxidant Enzyme Activity Determinations 
	Stranded-RNA-Seq Library Construction and Sequencing 
	Read Mapping and Quantifying 
	Annotation of Differentially Expressed Genes 
	Real-Time Quantitative PCR Analysis 
	Metabolic Analysis 
	Data Availability 
	Statistic Analysis 

	Results 
	ZX12 Seeds Showed Higher Chl Content and Lower Chl Degradation Rate When Compared with ZX4 
	Physiological Character of ZX4 and ZX12 Seeds at Different Stages of Maturity 
	Transcriptome Analysis of ZX4 and ZX12 Seeds at Different Stages of Maturity Revealed Differential Expression of Chl Metabolism and Photosynthesis Pathway-Related Genes 
	Metabolome Analysis of ZX4 and ZX12 Seeds at Different Stages of Maturity Identified a Differential Abundance of Flavonoids 
	Correlation Analysis of Differential Metabolites and DEGs in the Flavonoid and Anthocyanin Pathways 

	Discussion 
	Unique Delayed Senescence Characteristics Suggest a New Regulatory Mechanism 
	Genes Relating to Chl Metabolism and Photosynthesis Are Involved in Regulating the Late-Senescent Phenotype 
	Flavonoids Inhibit Chlorophyll Degradation by Scavenging Oxygen Free Radicals 

	Conclusions 
	References

