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Abstract: Premature leaf failure is one of the major factors contributing to crop yield reduction. High-
yielding soybean cultivars exhibit a longer leaf lifespan during the reproductive period, promoting
higher yields. In this experiment, physiological indexes and transcriptomics analysis were carried
out on leaves of different canopy parts of two soybean cultivars with different senescence sensitivities
of LD32 and SND28 as test materials. The results showed that the leaf senescence rates of the two
soybean cultivars, tested at the grain-filling stage, were significantly different, and the senescence
rates of the upper and middle canopy leaves of LD32 were significantly lower than those of SND28.
In comparison to SND28, LD32 exhibited slower decreases in chlorophyll, net photosynthetic rate,
and SPAD values in the upper and middle canopy leaves. The differentially expressed genes for
senescence of upper and middle canopy leaves of both cultivars were enriched in four pathways: the
photosynthesis pathway, the photosynthesis–antenna protein pathway, the MAPK signaling pathway–
plant hormone signal transduction pathway, and the plant hormone signal transduction pathway.
The differential expression of 20 genes (Ribose-5-phosphate isomerase, fructose-1,6-bisphosphatase, etc.)
in the “carbon fixation in photosynthetic organisms” pathway of LD32 may be involved in the
regulation of reducing the rate of leaf senescence in the middle of the canopy at the grain-filling stage
of LD32. Ribose-5-phosphate isomerase and fructose-1,6-bisphosphatase in LD32 may reduce the rate of
leaf senescence in the middle of the canopy during seed filling.

Keywords: soybean; canopy; leaf senescence; photosynthesis pathway; photosynthesis–antenna
proteins; carbon fixation in photosynthetic organisms pathway

1. Introduction

Leaf senescence is a necessary stage of crop growth and development, and senescence
is an orderly degradation process of the programmed death of leaf cells, which is jointly
regulated by internal and external factors, such as the development of the leaf itself, light,
hormones, and genetic inheritance [1,2]. Soybean (Glycine max (L.) Merr.) is an important
food crop and economic crop [3]. In the process of soybean growth and development, the
upper leaves of the plant will have a shade impact on the leaves below the middle [4] but
also will often—subject to the external environment, including sunlight, high temperature,
drought, and other adverse factors—trigger premature leaf senescence [5]. Early leaf failure
in different canopy parts will lead to weakened photosynthesis and reduced availability
of photosynthetic assimilates, thus affecting the yield and quality of the soybean [6,7].
The most critical growth period for high soybean yield is from pod to seed formation:
during this critical period, the leaves in different canopy parts of soybean plants are
subjected to different degrees of photosynthesis and may exhibit different rates of leaf
senescence [8]. Understanding the mechanisms governing leaf senescence in various
canopy regions of soybean plants can aid in mitigating premature senescence, thereby
enhancing soybean yield.
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Leaf senescence triggers a complex signaling network [9], but the specific mechanisms
controlling the whole process are not fully understood. Different hormones have specific
functions in activating/inhibiting and controlling leaf senescence, and photosynthesis [10],
hormone transduction [11], MAPK signaling [12], and carbon fixation by photosynthetic
organisms all play important regulatory roles in leaf growth and development [13,14].
Different canopy leaves of crops are subjected to different light intensities, resulting in
changes in leaf photosynthesis [15] that have a great impact on the subsequent physiologi-
cal characteristics of leaves in terms of photochemical energy, photosynthesis, and carbon
assimilation [16]. One of the most striking features of leaf senescence is the decline in pho-
tosynthetic capacity. This is mainly due to a decrease in the number of chloroplasts, which
ultimately leads to chloroplast decomposition [17,18]. The decomposition of chloroplasts
leads to the visualization of leaf senescence, i.e., the color of the leaf changes from green to
yellow [19]. The whole process of chloroplast catabolism is strictly regulated by metabolic
pathways, such as the gene expression control pathway, the hormone signaling pathway,
and the MAPK signaling pathway [20,21]. It has been demonstrated that delaying leaf
senescence in soybean plants at the grain-filling stage can effectively improve soybean yield
and quality [22], but the molecular mechanisms that regulate leaf senescence in different
canopies are still unclear, and there is a lack of theoretical basis for improving soybean leaf
senescence traits by using modern breeding techniques.

Transcriptome sequencing is an effective method to study the plant leaf senescence
process [23]. Studies have shown that leaf senescence induces changes in the transcript
levels of genes through specific pathways’ internal and environmental senescence signals.
Arabidopsis genes such as ATAF1/2, ANAC092, and AtNAC2 were identified as regulators
of senescence-induced cell death in Arabidopsis leaves [24–26]. Differential expression
of OsNAP in rice leads to delayed leaf senescence and a prolonged seed-filling period,
resulting in a 6.3% and 10.3% higher seed yield, respectively [27]. GmNAC81 and GmNAC30
in soybean have been shown to be associated with the regulation of leaf senescence [28,29].
Using transcriptome sequencing technology to study the leaf senescence process during
the critical period of soybean grain yield formation, discovering new genes related to leaf
senescence, and exploring the specific mechanisms involved in the regulation of senes-
cence have important theoretical value and practical significance for high-yield soybean
cultivation and breeding.

In this study, two soybean cultivars with significantly different canopy leaf senescence
phenotypes, namely, the high-yielding soybean cultivars CV. LD32 and conventional
CV. SND28, were used as research materials. Physiological indexes and transcriptome
sequencing technology were used to compare and analyze the physiological characteristics
and gene expression of different canopy leaf senescence characteristics of the two soybean
varieties at the grain-filling stage. The results of the study help us understand the regulatory
mechanism of leaf senescence in different canopy parts of soybean and provide new ideas
for further delaying leaf senescence and achieving high crop yield.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The soybean cultivars Liaodou32 (LD32; maturity at 128 days and slow phenotypic
senescence rate of canopy leaves) and Shennongdou28 (SND28; maturity at 130 days
and a faster phenotypic senescence rate of canopy leaves) were used as the research
materials. The two soybean varieties are local soybean varieties in Liaoning Province,
and the maturity of the two soybean varieties is close. Flowering period is the same, all
about 60 days after sowing until the beginning of flowering. The experiment was located
at the Agronomy Experimental Base of Shenyang Agricultural University in Shenyang,
Liaoning Province (41◦48′11.75′′ N, 123◦25′31.18′′ E). The experiment was conducted using
a randomized group design with three replicates, and each plot was 20 m2. The fields were
managed according to local soybean management practices (the soil in the area contained
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42.3 g/kg organic matter, 0.201 g/kg total nitrogen, 39.5 mg/kg fast-acting phosphorus,
and 226 mg/kg fast-acting potassium, and it had a pH value of 6.30).

2.2. Determination of Samples, Location and Period of Sampling

Samples were obtained at the three key stages (R5, R6, and R7) of soybean grain-filling
growth and development. In this experiment, these stages were recorded as T1, T2, and T3,
respectively. The upper and middle leaves of the canopy of the soybean plant were used as
the leaf determination and sampling locations.

2.3. Determination of Chlorophyll and Leaf SPAD

Chlorophyll was extracted from fresh leaves by the ethanol method [30]. The ab-
sorbance values were measured by using a spectrophotometer (665 nm and 649 nm) under
two light wavelengths and, finally, calculated by the formula (chlorophyll a (Chla) =
(13.95 ∗ od665 − 6.88 ∗ od649) ∗ v/1000 ∗ s, chlorophyll b (Chlb) = (24.96 ∗ od649 − 7.32 ∗
od665) ∗ v/1000 ∗ s where is the volume of the test liquid). A handheld SPAD meter
(SPAD-502PLUS, Konica Minolta, Tokyo, Japan) was clamped to determine the position of
the leaves; readings were obtained, values were recorded, and three biological replicates
were performed for each treatment.

2.4. Determination of Antioxidant Reductase

From each sample, 0.5 g of leaf material was cut and placed into a pre-cooling bowl
with a small amount of quartz sand and 10 mL of pre-cooled phosphate buffer (pH = 7.8,
0.05 mmol/L) and ground in an ice bath. Subsequently, 10 mL of the pulp was centrifuged
at 10,000 rpm for 20 min at 25 ◦C and stored at 0–4 ◦C. Activity levels of superoxide
dismutase (SOD) and peroxidase (POD) were determined by nitroblue tetrazolium assay
and guaiacol assay, respectively. These methods were performed in accordance with the
experimental method of Wang [31].

2.5. Leaf gas Exchange and Chlorophyll Fluorescence Analysis

Gas exchange parameters of the test material were measured using a portable photo-
synthesis assay instrument (LI-6800Inc., Lincoln, NE, USA). Sample leaves were placed in
the instrument’s measuring folder, and measurements were made under normal soybean
plant parameters (1000 µmol m−2 s−1, ambient CO2 concentration 380–400 µmol mol−1

air CO2) and during clear daytime hours from 10:00 a.m. to 11:00 a.m. The instrument
directly recorded the net photosynthetic rate of the sample leaves. The chlorophyll fluores-
cence parameters of sample leaves were recorded using a portable chlorophyll recorder
(PAM2500, Walz, Nuremberg, Germany). Measured parameters included Fo, Fm, Fs, Fo′,
and Fm′, and calculated parameters, including Fv/Fm, qP, NPQ, and ETR, were obtained
directly from the instrument. Calculation formulas that may be used in measuring in-
struments are as follows: Fv/Fm = (Fm − Fo)/Fm, Qp = (Fm′ − Fs)/(Fm′ − Fo′), and
NPQ = Fm/Fm′ − 1 [32,33]. The same samples are used for the above measurements to
avoid errors.

2.6. RNA-Seq Analysis

The samples were snap-frozen in liquid nitrogen for 30 min, removed, and then placed
in a refrigerator at −80 ◦C. After all samples were collected, they were sent to Lianchuan
Biotech (Hangzhou, China) for sequencing and analysis. Genetic differences in the leaves
of different canopy parts of different soybean varieties were investigated using RNA-Seq
technology (LD32; slow phenotypic senescence rate of canopy leaves and SND28; a faster
phenotypic senescence rate of canopy leaves). The experiment was conducted on eight
sample groups, numbered 1–12; the representative meaning of each number is shown in
Table 1. Total RNA was extracted using TRIzol reagent (Thermo Fisher, Santa Clara, CA,
USA) following the manufacturer’s instructions. High-quality RNA samples with RIN
numbers greater than 7.0 were used to construct sequencing libraries. After total RNA
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extraction, two rounds of purification of total RNA (5 µg) were performed using Dynabeads
Oligo (dT) (Thermo Fisher, Santa Clara, CA, USA). The cDNA libraries constructed from
the pooled RNA of the samples were sequenced using the Illumina Novaseq 6000 sequence
platform. The transcriptome was sequenced using the Illumina paired-end RNA-Seq
method. Reads from all samples were mapped to the soybean reference genome using
the HISAT2 (version: hisat2-2.0.4) software package. A portion of the reads were initially
removed (based on the quality information accompanying each read), and the remaining
reads were mapped to the reference genome. The transcriptomes of all samples were
then merged using software (version: gffcompare-0.9.8) to reconstruct a comprehensive
transcriptome. After the final transcriptome was generated, StringTie and BallGown were
used to estimate the expression levels of all transcripts and the expression abundance
of mRNAs by calculating the fragments per kilobase of exon model per million mapped
fragments (FPKM) values. The false discovery rate (FDR) parameter was set to <0.05, and a
fold change >= 2 (|log2FC| >= 1) and q < 0.05 (q value is the corrected p value) were used
as the criteria for screening differentially expressed genes (DEGs) [34]. DEGs were then
analyzed for GO function and enrichment of Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways [35].

Table 1. Number of transcriptome samples and corresponding physiological significance.

Sample Code Representative Meaning

LD32-T1-UP (S1) LD32 upper canopy leaves sampled for the first time during the seed filling
LD32-T1-MID (S2) LD32 middle canopy leaves sampled for the first time during the seed filling
LD32-T2-UP (S3) LD32 upper canopy leaves sampled for the second time during the grain filling

LD32-T2-MID (S4) LD32 middle canopy leaves sampled for the second time during the grain filling
LD32-T3-UP (S5) LD32 upper canopy leaves sampled for the third time during the grain filling

LD32-T3-MID (S6) LD32 middle canopy leaves sampled for the third time during the grain filling
SND28-T1-UP (S7) SND28 upper canopy leaves sampled for the first time during the seed filling

SND28-T1-MID (S8) SND28 middle canopy leaves sampled for the first time during the seed filling
SND28-T2-UP (S9) SND28 upper canopy leaves sampled for the second time during the grain filling

SND28-T2-MID (S10) SND28 middle canopy leaves sampled for the second time during the grain filling
SND28-T3-UP (S11 SND28 upper canopy leaves sampled for the third time during the grain filling

SND28-T3-MID (S12) SND28 middle canopy leaves sampled for the third time during the grain filling

2.7. Quantitative Real-Time PCR (qRT-PCR) Analysis

The relative gene expression of the DEGs was verified using qRT-PCR. The fluorescent
quantification primer sequences of the differential genes were designed, β-actin was selected
as the internal reference gene control, and RNA was extracted from the samples by reagents
provided by OMEGA Bio-tek. The All-in-One First-Strand cDNA Synthesis Kit was used to
reverse transcribe RNA into cDNA, which was used as a template for qRT-PCR validation
using an Agilent Mx3000p real-time fluorescence quantitative analyzer (Agilent, Santa
Clara, California, USA). The target gene results were quantified using the 2−∆∆Ct method
(the 2−∆∆Ct method is a simple way to analyze relative changes in gene expression in
real-time quantitative PCR experiments, i.e., a simple method for relative quantification).

2.8. Data Analysis

All experiments in this study were independently repeated three times. The data were
analyzed by one-way analysis of variance (ANOVA) and Duncan’s multiple range test
(p < 0.05) using SPSS 22.0 Statistics (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Leaf Phenotypes and Physiological Indices of Soybean

The color of different canopy leaves of the two soybeans was determined, and it was
found (Figure 1) that the color of the leaves in the middle part of the canopy of SND28
changed from green to yellow from the T2 period and wilted rapidly in the T3 period
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compared to LD32. The different canopy leaves of LD32 showed longer green holding
(slower senescence) compared to SND28.
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Figure 1. Phenotypes of two soybean cultivars. (Phenotypes of LD32 and SND28 in upper and
middle leaves at soybean grain-filling stage). (A) Phenotypes of two soybean cultivars during
T1. (B) Phenotypes of two soybean cultivars during T2. (C) Phenotypes of two soybean cultivars
during T3.

Chl a content, Chl b content, and SPAD values in different canopy leaves of LD32 and
SND28 decreased as the sampling period advanced. The SPAD values of the upper canopy
leaves of both soybean varieties were larger than those of the middle canopy leaves, and
the SPAD values of the upper and middle canopy leaves showed a decreasing trend. At the
same sampling period, the SPAD values of the upper and middle canopy leaves of LD32
were higher than those of the upper and middle canopy leaves of SND28 (Figure 2A). The
results of Chl a and Chl b contents showed that chlorophyll degradation was slower in the
different canopy leaves of LD32 compared to SND28. In the T2 period, the rate of decline of
Chl a content and Chl b content in the middle canopy leaves of SND28 was higher than that
of LD32 (Figure 2C,D). During the T1 to T3 periods, the net photosynthetic rates of leaves
in the middle of the canopy were higher in LD32 than in SND28 (Figure 2B). In summary,
compared with SND28, the leaves of LD32 were characterized by a slower senescence rate
at the grain-filling stage of the soybean.
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Figure 2. (A) SPAD values of LD32 and SND28 in the upper and middle leaves at soybean grain-
filling stage. (B) Net photosynthetic rates of LD32 and SND28 in upper and middle leaves at soybean
grain-filling stage. (C) Chlorophyll a content of upper and middle leaves of LD32 and SND28 at
soybean grain-filling stage. (D) Chlorophyll b content of upper and middle leaves of LD32 and
SND28 at soybean grain-filling stage.

In order to further understand the relevant regulators of leaf senescence in different
canopies of soybean at the grain-filling stage, chlorophyll fluorescence values and antiox-
idant enzyme activities of leaves were determined. Maximum photosynthetic quantum
yield (Fv/Fm) reflects the maximum light energy conversion efficiency of the PS II reaction
center. PS II potential vigor (Fv/Fo) and photochemical quenching coefficient (qP) reflect
the high or low photosynthetic activity of the plant. A higher PS II electron transfer rate
(ETR) indicates a stronger photosynthetic capacity. As the sampling period progressed, the
photosynthetic capacity of both SND28 and LD32 gradually weakened; the photosynthetic
capacity of leaves in the upper part of the canopy was greater than that of leaves in the
center. Heat dissipation NPQ (nonphotochemical quenching) reflects the ability of plants to
dissipate excess light energy into heat (photoprotective capacity), and the results indicated
that LD32 was more photoprotective than SND28 (Figure 3A). The antioxidant enzyme
activity assay showed that the antioxidant enzyme activities in the middle leaves of the
LD32 canopy were higher than those in the middle leaves of the SND28 canopy in the T2
period (Figure 3B,C).
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Figure 3. (A) Chlorophyll fluorescence parameters of LD32 and SND28 in upper and middle leaves
at soybean grain-filling stage. (B) SOD enzyme activities of LD32 and SND28 in upper and middle
leaves at soybean grain-filling stage. (C) POD enzyme activities of LD32 and SND28 in upper and
middle leaves at soybean grain-filling stage.

3.2. Transcriptome Differences and Enrichment Analysis

In order to understand the transcriptional landscape of different canopy leaves of soy-
bean during senescence, RNA-Seq analyses were performed on the upper and middle leaves
of SND28 and LD32 canopies. The transcriptome sequencing data of the 12 comparative
groups were analyzed for quality control, and the results are shown in Table S1. The
effective data volume of all samples was in the range of 5.31–8.39 G, the number of effective
reads was 86.93–97.22% of the total reads, the bases with quality value Q ≥ 20 accounted
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for 99.91–99.97% of the total reads, the number of bases with quality value Q ≥ 30 ac-
counted for 97.82–98.89% of the total reads, and the GC content was 43–44% of the total GC
content (accounting for 43–44.5% of the total reads). The comprehensive evaluation results
showed that the transcriptome sequencing results were qualified and could be analyzed
downstream.

Further analysis of the number of different differential genes in the 12 comparison
groups showed that in the T1 period there were 7312 differential genes in the upper and
middle canopy leaves of SND28 (SND28-T1-UP vs. SND28-T1-MID) and 12,883 differential
genes in the upper and middle canopy leaves of LD32 (LD32-T1-UP vs. LD32-T1-MID). In
the T2 period, there were 6084 differential genes in the upper and middle canopy leaves
of SND28 (SND28-T2-UP vs. SND28-T2-MID), and LD32 had a total of 13,770 differential
genes in the upper and middle canopy leaves (LD32-T2-UP vs. LD32-T2-MID). In the T3
period, there were a total of 13,557 differential genes in the upper and middle canopy leaves
of SND28 (SND28-T3-UP vs. SND28-T3-MID), and LD32 had a total of 11,766 differential
genes in the upper and middle canopy leaves (LD32-T3-UP vs. LD32-T3-MID). Therefore,
enrichment analysis can be performed for differential genes in the upper and middle leaves
of the canopy of different soybean varieties (LD32 vs. SND28) during seed filling.

3.3. Transcriptional Analysis Reveals Enrichment Pathways Involved in Upper and Middle Leaf
Senescence in the Soybean Canopy at Soybean Grain-Filling Stage

In the three periods (T1, T2, and T3), there were 3057 differentially expressed genes
(DEGs) detected between the upper and middle leaves of the LD32 canopy (LD32-T1-UP
vs. LD32-T1-MID), (LD32-T2-UP vs. LD32-T2-MID), and (LD32-T3-UP vs. LD32-T3-
MID) (Figure 4A). The common DEGs were subjected to GO enrichment analysis, and
168 pathways were found to be enriched, including the photosynthesis pathway, the
light-harvesting in photosystem I pathway, the photosystem II pathway, and other GO
pathways (Figure 4B). These DEGs were subjected to KEGG analysis, and 19 pathways
were found to be enriched in these genes. They included metabolic pathways such as
the photosynthesis–antenna protein pathway, the photosynthesis pathway, the MAPK
signaling pathway–plants pathway, and other metabolic pathways (Figure 4C). There
were 1314 differentially expressed genes (DEGs) detected between the upper and middle
leaves of the SND28 canopy (SND28- T1-UP vs. SND28- T1-MID), (SND28-T2-UP vs.
SND28-T2-MID), and (SND28-T3UP vs. SND28-T3-MID) (Figure 4D). The common DEGs
were subjected to GO enrichment analysis, and 216 pathways were found to be enriched,
including the photosynthesis pathway, the light-harvesting in photosystem I pathway,
and other GO pathways (Figure 4E). These DEGs were subjected to KEGG analysis, and
16 pathways were found to be enriched in these genes. They included metabolic pathways
such as the photosynthesis–antenna protein pathway, the photosynthesis pathway, the
MAPK signaling pathway–plants pathway, and other metabolic pathways (Figure 4F).

3.4. Analysis of Senescence Regulatory Pathways in the Upper and Middle Leaves of Soybean
Canopy at Soybean Grain-Filling Stage

Different canopy leaves of two soybean varieties possessed common enrichment of
metabolic pathways and differential genes at T1–T3. In six comparison groups (LD32-T1-
UP vs. LD32-T1-MID, LD32-T2-UP vs. LD32-T2-MID, LD32-T3-UP vs. LD32-T3-MID,
SND28-T1-UP vs. SND28-T1-MID, SND28-T2-UP vs. SND28-T2-MID, and SND28-T3-UP
vs. SND28-T3-MID), 140 common differential genes were obtained (Figure 5A), which
were enriched in four pathways: the photosynthesis pathway, the photosynthesis–antenna
protein pathway, the phytohormone signaling pathway, and the MAPK signaling pathway–
plant pathway (Figure 5B). Among them, there were two photosynthesis-related genes
(Figure 5C), three photosynthesis–antenna proteins-related genes (Figure 5D), twelve
plant hormone signaling pathway-related genes (Figure 5E), and fourteen MAPK sig-
naling pathway-related genes (Figure 5F). The results (Table S3) revealed that at the T3
period, in the photosynthesis pathway, psbA was upregulated for expression in both LD32
(LD32-T3-UP vs. LD32-T3-MID) and SND28 (SND28-T3-UP vs. SND28-T3-MID), and
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SoyZH13_12G084100 was upregulated for expression in LD32 (LD32-T3-UP vs. LD32-T3-
MID) but downregulated for expression in SND28 (SND28-T3-UP vs. SND28-T3-MID); in
the photosynthesis–antenna protein pathway, all differential genes enriched were downreg-
ulated for expression in LD32 (LD32-T3-UP vs. LD32-T3-MID), but all were upregulated
for expression in SND28 (SND28-T3-UP vs. SND28-T3-MID). In the phytohormone signal-
ing pathway and MAPK signaling pathway—plant pathway, the differentially expressed
genes enriched to SND28 (SND28-T3-UP vs. SND28-T3-MID) and LD32 (LD32-T3-UP vs.
LD32-T3-MID) showed opposite expression trends (the same DEGs were upregulated for
expression in LD32 but downregulated for expression in SND28, and vice versa), except
for SoyZH13_19G058000, SoyZH13_19G210900, and SoyZH13_15G047900. In conclusion,
the above enrichment pathway is involved in the regulation of leaf senescence in different
canopies of two soybean varieties at the grain-filling stage, and the differential expression
of genes in the enrichment pathway may be the main reason for the difference in leaf
senescence of the canopy between the two varieties. However, the specific process of the
differential genes in regulating leaf senescence needs to be confirmed by further functional
experiments.
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Figure 4. Analysis of differentially expressed genes in the upper and middle leaves of LD32 and
SND28 canopies. (A) Wayne plots of the differentially expressed genes of LD32 in the upper and
middle leaves at soybean grain-filling stage. (B) GO functional analysis of the differential genes
of LD32 in the upper and middle leaves at soybean grain-filling stage. (C) KEGG enrichment
analysis of the differential genes of LD32 in the upper and middle leaves at soybean grain-filling
stage. (D) Wayne plots of the differential genes of SND28 in the upper and middle leaves during the
soybean seed-filling period. (E) GO function analysis of the differential gene of SND28 in the upper
and middle leaves at soybean grain-filling stage. (F) KEGG enrichment analysis of the differential
gene of SND28 in the upper and middle leaves at soybean grain-filling stage.
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Figure 5. (A) Wayne plots of genes co–differentially expressed by LD32 and SND28 in the upper and
middle leaves of the canopy at soybean grain-filling stage. (B) KEGG enriched iso–pathway plots of
genes co–differentially expressed by LD32 and SND28 in the upper and middle leaves of the canopy
at soybean grain-filling stage. (C) Heat map of LD32 and SND28 enriched for common differentially
expressed genes in the photosynthesis pathway in the upper and middle leaves of the canopy at
soybean grain-filling stage. (D) Heat map of LD32 and SND28 enriched for common di–ferential
genes in the photosynthesis–hapten pathway in the upper and middle leaves of the canopy at soybean
grain-filling stage. (E) Heat map of LD32 and SND28 enriched for common differential genes in the
phytohormone signaling pathway in upper and middle leaves of the canopy at soybean grain-filling
stage. (F) Heat map of LD32 and SND28 enriched for common differential genes in the MAPK
signaling pathway–plant in upper and middle leaves of the canopy at soybean grain-filling stage.
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3.5. Differentially Expressed Genes in Photosynthesis-Related Pathways Involved in the Regulation
of Senescence of Upper and Middle Leaves in the Soybean Canopy at Soybean Grain-Filling Stage

In the photosynthesis-related enrichment pathway, LD32 was enriched with more dif-
ferential genes compared with SND28 in T1–T3. A total of twenty differential genes in the
photosynthesis pathway were co-enriched by LD32, of which fourteen were upregulated
and six were downregulated in the T1 period (Figure 6A). A total of twelve differential genes
in the photosynthesis pathway were identified by SND28 co-enrichment, of which only two
were upregulated and the remaining ten were downregulated in the T1 period (Figure 6B).
A total of 13 differential genes co-enriched for LD32 in the photosynthesis–antenna protein
pathway were upregulated and expressed in all of them at T1 (Figure 6C). A total of four
differential genes co-enriched for SND28 in the photosynthesis–antenna protein pathway
were upregulated and expressed in all of them at T1 (Figure 6D). In the photosynthetic sys-
tem I in the photosynthetic pathway, relative to SND28, all genes in LD32 were upregulated
for expression at T1 (i.e., photosystem I subunit PsaD-SoyZH13_10G229700, photosys-
tem I reaction center subunit VI-SoyZH13_13G329300) and downregulated for expression
at T3. Meanwhile, among the genes in photosystem II, photosystem II 22 kDa protein
(SoyZH13_04G224800 and SoyZH13_06G108400) and photosystem II reaction center PSB28
protein (SoyZH13_10G039100 and SoyZH13_13G109300) were relatively downregulated in
LD32 at both T1 and T3, but all other genes were upregulated for expression at T1. These
results indicated that LD32 showed more upregulated genes in both the photosynthesis
pathway and the photosynthesis–antenna protein pathway, and SND28 showed more
downregulated genes in T1. LD32 was in a period of strong gene expression in T1, and
gene expression in SND28 was weakened (Figure 6A,C). It is conjectured that this may
be the reason that the central leaves in the canopy of SND28 showed, from the T1 period
onward, a premature senescence phenotype.
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in the upper and middle leaves at soybean grain–filling stage. (B) Heatmap of LD32 enrichment of
common differential genes in the photosynthesis–antenna proteins pathway in the upper and middle
leaves at soybean grain–filling stage. (C) Heat map of common differential genes in the photosynthesis
pathway enriched by SND28 in the upper and middle leaves at soybean grain–filling stage. (D) Heat
map of SND28 enrichment of common differential genes in the photosynth–sis–antenna proteins
pathway in the upper and middle leaves at soybean grain–filling stage.

3.6. Transcriptional Analysis Reveals Differentially Expressed Genes Involved in Leaf Senescence in
the Middle of the Soybean Canopy at Soybean Grain-Filling Stage

In order to gain a clearer understanding of the mechanisms and differential genes that
regulate the senescence rate of the mid-canopy leaves of different senescence phenotypes,
the mid-canopy leaves of LD32 and the mid-canopy leaves of SND28 from T1 to T3 were
analyzed. The carbon fixation in the photosynthetic organisms pathway was found to be
enriched in both varieties. A total of 108 identical differential genes in this pathway were
found in the mid-canopy leaves of both varieties (Figure 7A). Compared with SND28, LD32
mid–canopy leaves had 20 differential genes in the carbon fixation in the photosy–thetic
organisms pathway (ribose–5–phosphate isomerase, fructose–1,6–bisphosphatase, and
other putative proteins) that were specifically expressed individually (Figure 7C). The
differential expression of the 20 aforementioned differential genes is likely to play a key
role in the regulation of leaf senescence in the mid-canopy of LD32 at T1–T3 (Figure 7B).
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Figure 7. (A) Plots of genes co–differentially expressed by LD32 and SND28 in mid–canopy leaves
at soybean grain–filling stage. (B) LD32 and SND28 enrich differentially expressed genes in the
carbon fixation in photosynthetic organisms pathway in mid–canopy leaves at soybean grain–filling
stage. Red, green, and gray indicate the expression of the differentially expressed genes, respec-
tively. (C) Heatmap analysis of common differentially expressed genes in the carbon fixation in
photosynthetic organisms pathway.
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3.7. Validation of DEGs by qRT-PCR Analysis

Based on the results of pre-transcriptional enrichment, we have enriched and focused on
eight, and the photosynthesis pathways (SoyZH13_12G084100), the photosynthesis–antenna
protein pathway (SoyZH13_10G162000, SoyZH13_09G139200, and SoyZH13_16G148600), the
MAPK signaling pathway (SoyZH13_08G205600 and SoyZH13_08G191200), and the phy-
tohormone pathway (SoyZH13_01G181700 and SoyZH13_10G126700)-related differential
genes were detected by fluorescence quantification. Based on the fluorescence quantifica-
tion results, we found that SoyZH13_09G139200 had the highest expression in LD32-T1-up.
SoyZH13_01G181700, SoyZH13_08G191200, and SoyZH13_08G205600 had the highest ex-
pression in SND28-T1-MID. SoyZH13_16G148600 had higher expression in LD32-T1-up and
SND28-T3-up, and the rest of the expression was lower (Figure S1). Finally, we found that
the transcriptome data showed the same trend as the fluorescence quantification results by
correlation analysis (R2 = 0.8629), proving the accuracy of the RNA-Seq results (Figure 8).
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4. Discussion

For various soybean canopy parts, leaves, and the entire crop, senescence is related to
seed yield. During the bulge period, soybean’s photosynthetic capacity maintenance and
yield increase are closely related. In previous studies, senescence retardation in different
crops was mainly reflected in leaves, and delaying leaf senescence in crop plants is one of
the most important ways to increase crop yields [36]. Sustained photosynthesis in different
canopy leaves of soybean is crucial for seed bulging during crop senescence. In this study,
by measuring the phenotypic and physiological indexes of leaves in different canopy parts
of various soybean varieties, we found that compared with SND28, leaves in different
canopy parts of LD32 had greater SPAD values, slower leaf senescence (more green holding),
a lower rate of chlorophyll content degradation, a higher rate of net photosynthetic rate
in the later period of reproduction, and higher final grain yield (Table S2). This suggests
that LD32 has more senescence-resistant characteristics and high yield, but the regulatory
mechanisms of leaf senescence in different canopy layers need to be further investigated.

Transcriptome sequencing of upper and lower canopy leaves of two soybean vari-
eties collected from the T1 to T3 periods showed that differentially expressed genes were
mainly enriched in the photosynthesis–antenna protein pathway and the photosynthesis
pathway. The higher plant chlorophyll a-b binding protein CP26 belongs to the Lhc family
of proteins and can simultaneously play a central role in the balance between effective
photoprotection and energy dissipation. The higher plant photosystem II antenna protein
CP26 is an important component of photosystem II, which plays a key role in light energy
absorption, transmission, and regulation of excitation energy distribution in the two photo-
systems [37,38]. In plant photosynthesis, the CP26 protein realizes efficient light energy
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capture and conversion through its unique structure and function. When light is irradiated
onto plant leaves, the CP26 protein is able to absorb light energy and transfer it to the
light reaction center, thus driving photosynthesis [39]. In addition, it is able to regulate the
distribution of excitation energy between the two photosystems according to changes in
light conditions to ensure the smooth progress of photosynthesis [40]. The chlorophyll a-b
binding protein CP26 is not only involved in light harvesting but also in the coordination
of the light-harvesting antenna LHCII; furthermore, it influences NPQ in an indirect way.
The chlorophyll a-b binding protein CP26 may remove excess excitation energy from the
light-trapping antenna LHCII that reaches the PSII reaction centers, and it may consume a
certain amount of energy without damaging the reaction centers under photoinhibitory
conditions. As a member of the Lhc family of proteins, changes in gene expression of the
chlorophyll a-b binding protein CP26 affect light harvesting in photosystem I and photosys-
tem II, thereby influencing the growth, development, and senescence of upper and middle
leaves in the canopy of soybean plants at the bulging stage. However, further studies and
explorations are needed regarding the specific mechanism of action of the CP26 protein
and the interaction relationship with other photosynthesis-related proteins. In the results
of this experiment, the chlorophyll a-b binding protein CP26 was significantly enriched
in the upper and middle leaves of both LD32 and SND28 canopies. There were three
chlorophyll a-b binding protein CP26-related genes significantly enriched in LD32, namely,
SoyZH13_10G162000, SoyZH13_09G139200, and SoyZH13_15G051000. In the three DEGs
mentioned above, at the T1 and T2 periods, the expression of the chlorophyll a-b binding
protein CP26 gene was lower in the middle leaves of the LD32 canopy than in the upper
leaves of the LD32 canopy; at the T3 period, the expression of the chlorophyll a-b binding
protein CP26 gene in the middle leaves of the LD32 canopy was higher than the content in
the upper leaves of the LD32 canopy. Two chlorophyll a-b binding protein-related genes
were significantly enriched in SND28: SoyZH13_10G162000 and SoyZH13_09G139200. The
expression of the chlorophyll a-b binding protein CP26 gene of the above two DEGs in
the middle leaves of the SND28 canopy was lower than the content in the upper leaves
of the SND28 canopy at the T1, T2, and T3 periods (SND28- T1-UP vs. SND28- T1-MID,
SND28-T2-UP vs. SND28-T2-MID, and SND28-T3UP vs. SND28-T3-MID). Based on these
results, it is hypothesized that differences in the expression patterns of the chlorophyll a-b
binding protein CP26 are the influencing factors for the differences in leaf senescence in the
upper and middle parts of the SND28 and LD32 canopies.

Chloroplast photosystem II (PSII) plays a central role in plant photosynthesis. It is
responsible for absorbing light energy and converting it into chemical energy to drive
the process of photosynthesis. The PSII reaction center is a key site in this process, and
its protein composition and functional status have a direct impact on the efficiency of
photosynthesis. Leaf senescence is a complex physiological process involving the action
of a variety of internal and external factors, among which the decline in photosynthetic
capacity is one of the important signs of leaf senescence. As leaves senesce, the function of
PSII gradually declines, which may cause changes in the structure or function of proteins
within the system, including PSB28, PsbY, and PsbQ [41]. Among them, changes in PsbQ
protein directly lead to changes in the exothermic activity of PSII, which, in turn, affects the
photosynthetic efficiency and physiological state of leaves, and the above changes might
lead to changes in the absorption and conversion efficiency of light energy by PSII [42].
This, in turn, affects the entire photosynthetic process and directly affects the senescence
process of leaves. In the results of this experiment, only PSB28 (SoyZH13_10G039100,
SoyZH13_13G109300), PsbY (SoyZH13_11G243000), and PsbQ (SoyZH13_11G205800) were
significantly enriched in the upper and middle leaves of the LD32 canopy. In order to gain
a deeper understanding of the direct relationship between PSB28, PsbY, and PsbQ proteins
and leaf senescence, more experimental studies may be needed, such as observing the
expression, structural, and functional changes in PSB28, PsbY, and PsbQ proteins in leaves
at different stages of senescence, as well as further investigating how the above changes
affect the overall function of PSII and the senescence process of leaves.
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Ribulose-5-phosphate isomerase (RPI) is a naturally occurring widespread and highly
conserved protease that plays a key enzymatic role in the pentose phosphate oxidation
cycle [43,44]; it is also an important player in the carbon fixation in the photosynthetic
organisms pathway, participating in the prokaryotic and eukaryotic pentose phosphate
pathway (PPP) and the Calvin cycle for CO2 fixation in plants. Ribulose-5-phosphate isomerase
plays a crucial role in photosynthesis [45]. Fructose-1,6-bisphosphatase is present in soybean
chloroplasts, and its reductive activation process also affects chloroplast photosynthe-
sis [46,47]. Studies have shown that the joint involvement of multiple genes for photosyn-
thetic carbon assimilation positively affects photosynthesis and biomass yield [48,49]. In this
study, ribulose-5-phosphate isomerase (SoyZH13_03G225100) and fructose-1,6-bisphosphatase
(SoyZH13_16G150600) were detected to be differentially expressed in the mid-canopy leaves
at T1–T3 of LD32, but no expression of the above differential genes was detected in SND28.
It is hypothesized that the longer green-holding and slower senescence rate of the mid-
canopy leaves of LD32 are related to the specific expression of the above DEGs in the carbon
fixation in the photosynthetic organisms pathway.

Compared with SND28, LD32 leaves in the upper and middle parts of the canopy
possessed fourteen upregulated genes in the photosynthesis pathway at the T1 period, in-
cluding six upregulated genes in photosystem II (SoyZH13_11G243000, SoyZH13_13G345400,
SoyZH13_15G233900, SoyZH13_17G179700, SoyZH13_17G180000, and psbA), three upregulated
genes in photosystem I (SoyZH13_10G229700, SoyZH13_11G205800, and SoyZH13_13G329300),
and five upregulated genes acts on the remaining functional parts of the photosynthesis path-
way (SoyZH13_12G084100, SoyZH13_07G207300, SoyZH13_08G070800, SoyZH13_12G193400,
and SoyZH13_19G146100). LD32 leaves in the upper and middle parts of the canopy pos-
sessed thirteen upregulated genes in the photosynthesis–antenna protein pathway at the
T1 stage, including eight upregulated genes in Lhc I and five upregulated genes in Lhc II. It
is speculated that the upregulated expression of the above differential genes is related to
the higher Chl a content, Chl b content, SPAD, and net photosynthetic rate in the upper
and middle leaves of the LD32 canopy at T1, indicating that the upregulated expression of
the above genes is likely to play a key role in the regulation and control of leaf aging in the
upper and middle leaves canopy at the grain-filling stage of LD32 (Figure 9).
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segments of LD32. The orange box indicates an increase, the green box indicates a decrease, and the
black arrow indicates direction guidance.



Agronomy 2024, 14, 1250 16 of 18

5. Conclusions

In this study, two soybean varieties, LD32 and SND28, with different rates of leaf senes-
cence in different parts of the canopy, were subjected to physiological indexes and transcrip-
tome analyses. The results showed that the photosynthesis pathway, the photosynthesis–
antenna protein pathway, the MAPK signaling pathway–plant pathway (mitogen-activated
protein kinase (MAPK) cascades, the evolutionarily conserved signaling modules in all eu-
karyotes that adapt to various stresses and play pivotal roles in processes such as hormonal
and developmental signaling), the phytohormone signaling pathway, and differentially
expressed genes were involved in the regulation of leaf senescence in the upper and middle
parts of the canopy at the grain-filling stage. Compared with SND28, LD32 showed resis-
tance to early senescence during seed filling, which may be influenced by the expression of
differentially expressed genes and their specific genes in the above pathways.

Based on these results, we proposed a hypothetical model to illustrate the regulatory
mechanisms affecting upper and middle leaf senescence in the canopy site during seed
filling in LD32 (LD32-T1-UP vs. LD32-T1-MID, LD32-T2-UP vs. LD32-T2-MID, and LD32-
T3-UP vs. LD32-T3-MID). Differential expression of the same DEGs in the photosynthesis
pathway and the photosynthesis–antenna protein pathway in different sampling periods are
involved in the regulation of leaf senescence in the upper and middle leaves of the canopy
at the grain-filling stage of LD32, and 20 genes specifically expressed in the metabolic
pathway of the carbon fixation in the photosynthetic organisms pathway in the leaves
of the middle part of the canopy at the grain-filling stage of LD32 could have an effect
on chloroplast photosynthesis through the reduction activation process. The effect on
chloroplast photosynthesis through the process of reductive activation may delay leaf
senescence. However, precisely how the differential expression of genes in the metabolic
pathway of the carbon fixation in the photosynthetic organisms pathway affects chloroplast
photosynthesis and the photosynthesis–antenna protein pathway through the reduction
activation process remains to be investigated further (Figure 9).
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and down-regulated expression of genes, Figure S1: Validation of differential genes in different
comparison groups by qRT-PCR.
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