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Senescence is an internally systematized degeneration process leading to death in plants. Leaf yellowing, one
of the most prominent features of plant aging may lead to reduced crop yields. The molecular mechanism of
responses to senescence in soybean leaves is not completely clear. In our research, two soybean varieties were
selected with different stay-green traits: stay-green variety (BN106) and non-stay-green variety (KF14). RNA
samples extracted from the leaves of two varieties were sequenced and compared using high-throughput
sequencing. Six key enzyme genes in chlorophyll degradation pathways were studied to analyze the changes in
their expression at seedling, ﬂowering and maturation stage. Meanwhile, the construction of the genetic
transformation process had been constructed to identify the function of putative gene by RNA-interference. A
total of 4329 DEGs were involved in 52 functional groups and 254 KEGG pathways. Twelve genes encoding
senescence-associated and inducible chloroplast stay-green protein showed signiﬁcant differential expression.
MDCase and PAO have a signiﬁcant expression in BN106 that may be the key factors affecting the maintenance of green characteristics. In addition, the function of GmSGRs has been identiﬁed by genetic transformation. The loss of GmSGRs may cause soybean seeds to change from yellow to green. In summary, our
results revealed fundamental information about the molecular mechanism of aging in soybeans with different
stay-green characteristics. The work of genetic transformation lays a foundation for putative gene function
studies that could contribute to postpone aging in soybeans.
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1. Introduction
Soybean (Glycine max Merr.) is a widely planted and a
pivotal crop that provides both oil and high-quality
proteins. Increasing soybean yield is the ultimate goal of
breeders. Leaf yellowing is one of the salient traits of
plant senescence and can lead to reduced crop yields
(Ainsworth et al. 2012). Delaying leaf senescence,
thereby extending the duration of photosynthesis,
increases the total photosynthesis over the life of crops.
Maintaining the supply of photosynthetic products
ensures that the mass per grain is maximized (Spano et al.
2003). Senescence is an internally programmed degeneration process leading to death in plants. It is caused by
chlorophyll (Chls) degradation that leads to a progressive decline in photosynthetic capability (Matile et al.
1999). Between both species and genotypes, genetic
variation and mutations exist in the timing and rate of leaf
senescence. Plants whose leaves remain green or nonyellowing for longer than those of the parental genotypes
after the grain ripening stage are deﬁned as ‘stay-green’
(Matile et al. 1999). Stay-green mutations are divided
into two categories: functional stay-green mutations,
which extend photosynthesis and result in higher crop
yields, and non-functional stay-green mutations, which
decrease the photosynthetic rate and lead to a lack of
photosynthetic competence (Thomas and Howarth
2000). There are many factors that inﬂuence crop staygreen, in addition to chlorophyll catabolism (Hörtensteiner and Kräutler 2011). These factors also include
nutrient remobilization (Gregersen 2011), stress
responses (Guo and Gan 2012), wide regulators (Breeze
et al. 2011), senescence syndrome (Guo 2013),
Chlorophyll synthesis (Kusaba et al. 2013), Senescenceassociated proteolysis (Ono et al. 2013; Diaz-Mendoza
et al. 2016), and hormones (Zwack and Rashotte. 2013).
Therefore, the mechanism of controlling stay-green
characteristics in plants is complex.
Stay-green mutations have been reported in rice (Jiang
et al. 2007; Morita et al. 2009), Festuca pratensis
(Thomas et al. 2002), sorghum (Kassahun et al., 2010),
maize (Kosgey et al. 2013), Arabidopsis (Sakuraba et al.
2012), soybean (Nakano et al. 2014; Fang et al. 2014),
wheat (Spano et al. 2003), tomato (Barry et al. 2008),
pepper (Borovsky and Paran 2008), Medicago (Zhou
et al. 2011a), corn (Reddy et al. 2014), and cotton (Yan
et al. 2004). In recent years, research on the molecular
mechanism of stay-green genes in plants has become
more focused. One of the most well-studied genes is the
SGR gene (stay-green gene). The lesions originally
described in Festuca were eventually identiﬁed as the
consequence of an insertion in the gene SGR (Armstead

et al. 2006). A defective stay-green gene has been discovered and researched for Arabidopsis (Ren et al.
2007), where SGR is involved in both chlorophyll
degradation and photosystem degradation (Shimoda
et al. 2016). In rice, SGR may be included in regulating or
participating in the activity of PaO. It may also affect
chlorophyll breakdown and degradation of the pigmentprotein complex (Jiang et al. 2007). Another pathway in
chlorophyll breakdown is the conversion of chlorophyll
b to a via a two-step reductase reaction, catalyzed by the
products of the genes NYC/NOL, which results in an
outstanding stay-green phenotype (Morita et al. 2009;
Horie et al. 2009). Lack of PPH can lead to the emergence of stay-green phenotype in Arabidopsis (Eckardt
2009). SGR, NYC1 and PPH are cooperatively regulated at the transcriptional level. Other macromolecular genes like RCCR, ACD2, PaO, HCAR and CRN1
result in a stay-green phenotype (Sakuraba et al. 2012).
In this study, we used Solexa sequencing to perform
sequencing analysis of soybean. The purpose of our
research was to identify genes that originated from staygreen and non-stay-green varieties to determine whether
these genes had an impact on senescence. Meanwhile,
we also used genetic transformation and RT-PCR for the
validation of gene function, which was a critical factor in
stay-green genes in soybeans. The function of many
related genes can be identiﬁed using this method.
2. Materials and methods
2.1 Selection of plant materials and growth
conditions
The selection of different stay-green characteristic
varieties was a key link in early experiments. Soybean
varieties were gathered from the Beijing University of Agriculture. (BN106: Green leaf and seed,
KF14: Yellow leaf and seed.) Sterilized seeds were
germinated in soil pots under suitable humidity and
temperature conditions. When the two varieties reached
the stage where different leaf phenotypic were present
(green and yellow leaves) (ﬁgure 1), we sampled three
independent plant leaf tissues to ensure reliable biological repeats and used the efﬁcient isolation method
to extract the RNA (Yong et al. 2006).

2.2 Library sequencing and data processing
Samples were sent to the ORI-GENE company for
commercial sequencing. The tag preparation method of
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Figure 1. Comparison of the morphological changes of soybean (Glycine max) varieties with different stay-green traits.
KeFeng14 (KF14) is the yellow variety; BeiNong106 (BN106) is the green variety.

the experimental process is shown (supplementary
ﬁgure 1). Raw sequence reads were ﬁltered clearly
after data processing. These sequences were matched to
the soybean genome database (http://phytozome.net/)
(Phytozome V12.0).

2.3 Gene annotation
We used the available soybean genome database to
identify clean sequencing tags which were then matched to the known genes. These clean tags were normalized to FPKM (Fragments Per Kilobase Million).
This provided a reliable method of measuring the gene
expression level for two soybean varieties in the
senescence process.
2.4 Statistical analysis of gene expression
For gene expression variance, T-testing and P values
are used to calculate the differential gene expression
level (Benjamini and Yekutieli 2001). We selected false
discovery rate (FDRB0.001) and the absolute value
(|log2 ratio|C2) as a criterion to determine the signiﬁcance of differences in gene expression.

2.5 RT-PCR analysis
RT-PCR has been used to analyze gene expression in
prior studies (Pfafﬂ 2001). The transcription levels of
housekeeping genes can change under different
experimental conditions and plant tissue types (Ruan
and Lai 2007; Thorrez et al. 2008). For this reason, 10
candidate genes were selected for RT-PCR, while ﬁve
housekeeping genes were chosen to evaluate their
expression level in different tissues. The ﬁve housekeeping genes selected for this study were ACT2/7,
TUA5, UKN2, UBQ10, and HDC (supplementary
table 1). The expression stability of these housekeeping
genes was analyzed by geNorm software (V3.50). The
least stable housekeeping gene with the largest value of
stability measure (M) was then excluded, and the most
relatively stable housekeeping gene was used to correct
the level of selected gene expression (Vandesompele
et al. 2002). Selected genes were obtained from soybean sequencing results. The primers are shown in
supplementary table 1.
We selected six key enzyme genes in chlorophyll
degradation pathways in order to analyze the changes
in their expression at the seedling stage, ﬂowering
stage, and maturation stage. The six genes were NYC1,
HCAR, MDCase, PPH, PAO, and RCCR. The
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transcripts representing these genes were Glyma15g21590, Glyma10g12840, Glyma13g17180,
Glyma12g01060,
Glyma12g08210,
and
Glyma14g01250, respectively. RT-PCR was performed
with gene-speciﬁc primers (supplementary table 1). We
sampled the plant leaf tissue during different growth
periods, including the seedling stage, ﬂowering stage,
and maturation stage. In the maturation stage, the
leaves of KF14 turned yellow and showed signs of
aging, while the leaves of BN108 were still green.
2.6 Genetic transformation for validation of gene
function
In order to identify the function of genes related to
stay-green characteristics and verify the reliability of
our genetic transformation system, we selected the key
fragment of GmSGRi (supplementary ﬁgure 2) and
ampliﬁcated sequences of genes to structure the RNAinterference vectors. The experimental process of vector construction and genetic transformation is shown in
supplementary ﬁgure 3 and supplementary ﬁgure 4,
‘Experimental method’ refers to the method described
by Gao et al. (2015) (supplementary ﬁgure 5).
3. Results
3.1 Selection of soybean varieties
To identify soybean varieties with stay-green genes or
stay-green mutation, two varieties (lines) were collected (KF14 and BN106) (ﬁgure 1). We deﬁned
BN106 (green) as L1 and KF14 (yellow) as L2.

3.2 Solexa sequencing evaluation
To gain an integral proﬁle of the soybean gene
expression with stay-green or stay-green mutations, we
used a high-throughput tag-sequencing analysis. Samples were extracted from leaves of Ke Feng14 (KF14)
and Bei Nong106 (BN106). The samples taken at the
growth stage when color differentiation appeared in
leaves were selected and used for Solexa sequencing:
green (L1) library and yellow library (L2). The number
of tags for each library was 60.22 (L1) and 62.99 (L2)
million reads (raw tags). A total of 56,915,398 and
59,894,360 clean tags were found for the Green (L1)
and Yellow (L2) libraries, respectively, which had ﬁltered dirty tags from raw data. Clean tags were

compared to the soybean genome (http://www.soybase.
org/). A total of 56,191 genes were selected for analysis and mapped to reference sequences.
3.3 Functional classiﬁcation of expressed
transcripts
GO (http://www.geneontology.org/) analysis was used
to evaluate the function of signiﬁcant difference genes.
GO has been divided into three ontologies (cellular
components, molecular functions and biological processes). In our study, 4329 unigenes were separated
into 52 functional groups (ﬁgure 2). For molecular
function, the proportion of the catalytic activity genes
were the most enrichment (1728 out of 4329) (GO:
0003824). Binding genes (1590 out of 4329) (GO:
0005488), including 46 DEGs encoding dioxygenase
activity (GO: 0051213), 142 DEGs encoding transferase activity (GO: 0016757), 85 DEGs encoding
oxidoreductase activity (GO: 0016705), 22 DEGs
encoding glucosidase activity (GO: 0015926), 1023
encoding ion binding proteins (GO: 0043167), 459
DEGs encoding carbohydrate-binding proteins (GO:
0097367), 1 DEG encoding chlorophyll binding proteins (GO: 0016168), 1DEG encoding calmodulin
binding proteins (GO: 0005516), 1 DEG encoding
pigment binding proteins (GO: 0031409), and 13
DEGs linked to enzyme regulator activity (GO:
0030234). For cellular components, 43.3% of DEGs
were determined to be related to the cell membrane
(GO: 0016020), 41.6% of DEGs were found to be
related to the cell (GO: 0005623), and 3.7% of DEGs
were related to cell wall (GO: 0005618) or plant-type
cell walls (GO: 0009505). For biological processes,
most of the DEGs were involved in metabolic processes (1930 out of 4329) (GO: 0008152), while 424
DEGs were involved in the plant’s response to stimulus
(GO: 0050896), 12 DEGs were involved in photosynthesis (GO: 0019684), 180 DEGs were involved in the
plant’s response to oxidative stress (GO: 0006979), 39
DEGs were found to be involved in the regulation of
chlorophyll catabolic (GO: 0010271, metabolic (GO:
0090056), and biosynthetic (GO: 0010380), 181 DEGs
were found to be involved in proteolysis (GO:
0006508), and 19 DEGs were found to be involved in
leaf senescence (GO: 0010150).
We matched differentially expressed genes to the
KEGG database that identiﬁed signiﬁcantly enriched
pathways (Kanehisa et al. 2004). We ﬁxed 4329 differentially expressed genes corresponding to 254
KEGG pathways and selected the most signiﬁcant 20
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Figure 2. Histogram presentation of gene ontology classiﬁcation. It includes three main categories: biological processes,
cellular components, and molecular functions. The y-axes on the left and right indicate the percentage of a speciﬁc category
of genes in that main category and the number of genes in a category, respectively.

pathways for analysis (ﬁgure 3). Most of the pathways
were found to be metabolic pathways (214 members)
(ko01100). In addition, ﬂavonoid biosynthesis (10
members) (ko00941), plant-pathogen interaction (48
members) (ko04626), ether lipid metabolism (2 members) (ko00565), starch and sucrose metabolism (38
members) (ko00500), glycerophospholipid metabolism
(3 members) (ko00564), plant hormone signal transduction (30 members) (ko04075), and endocytosis (12
members) (ko04144) were also involved in leaf
senescence (supplementary table 2) (Winkel-Shirley
2002; Watanabe et al. 2010; Frugis and Chua 2002).
We assumed that these pathways play a signiﬁcant role
in response to leaf senescence.
3.4 DEGs in the two soybean varieties
Through comparing two soybean libraries, we identiﬁed a large number of DEGs that hint at the molecular

mechanism of yellow and green leaf development. We
adopted a strict standard to identify DEGs in two
libraries (expression multiple with a |log2 ratio| [ 2,
FDR \ 0.001, p\0.01) (Audic and Claverie 1997).
Finally, 4329 DEGs were found in L1 and L2, which
included 2116 up-regulated genes and 2120 downregulated genes. After eliminating redundant and
unknown genes, we arrived at a total of 4236 genes that
have been annotated (supplementary table 3).
3.5 DEGs encoding transcription factors
Transcription factors are involved in stress tolerance
and leaf senescence in higher plants (Woo et al. 2018a).
Changes in gene transcription and expression of transcription factors have a signiﬁcant correlation. A total
of 158 genes encoding transcription factors were found
in our results (supplementary table 4), including 75 upregulated genes and 83 down-regulated genes. Among
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Figure 3. Enrichment analysis of the 20 main pathways. Note: The x-axis represents the pathway name, and the y-axis
represents the enrichment factor. The size of the point indicates the number of DEGs in the pathway, the color of the point
corresponds to a different Q-value range.

these genes, 16 were from the MYB gene family (9 up
and 7 down), 2 were bZIP transcription factors (2
down), 17 were WRKY transcription factors (10 up and
7 down), 19 were ERF (ethylene-responsive transcription factors) (4 up and 15 down), 29 were bHLH
transcription factors (13 up and 16 down), 9 were
GATA transcription factors (5 up and 4 down), and 46
were NAC transcription factors (8 up and 17 down)
(Stracke et al. 2001; Jakoby et al. 2002; Eulgem and
Somssich 2007; Berger et al. 2006; Brown and Hudson
2017). This result conﬁrms that these transcription
factors were involved in plant development and
senescence.
3.6 Differentially expressed genes encoding
kinases
Protein kinases can regulate autophagy and cause
delays in leaf senescence (Chen et al. 2017). A total of

232 genes encoding kinases were identiﬁed in our
DEGs (supplementary table 5), including 107 up-regulated and 125 down-regulated genes. Among them, 85
were serine or threonine protein kinases (39 up and 46
down) (Xia and Hou 2018), 4 were calcium-dependent
protein kinases (CDPKs) (0 up and 4 down) (Li et al.
2006), 7 were CBL-interacting protein kinases (5 up
and 2 down) (Ren et al. 2017), 5 were tyrosine kinases
(4 up and 1 down) (Lei et al. 2017), 18 were leucinerich repeat protein kinases (6 up and 12 down), and 4
were chalcone related kinases (2 up and 2 down)
(Nayak et al. 2017).
3.7 Differentially expressed of oxidative stressrelated genes
For protein species involved in reactive oxygen species
(ROS) processes, anti-oxidative protein species
decreased
in
abundance
during
induced
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Figure 4. Validation of the Solexa results using qRT-PCR method. The y-axes on the left and right indicate the relative
expressed level of DEGs in qRT-PCR and in Solexa sequencing analysis, respectively. The expression level of ten selected
genes was measured by qRT-PCR. TUA5, UBQ10 and UKN2 were chosen as an endogenous reference.

leaf senescence (Wu et al. 2018). In our study, 57
genes encoding oxidative stress-related products were
found. These included 24 up-regulated and 33 downregulated genes. Among them, 25 cytochrome P450
genes (16 up and 9 down), 4 lipoxygenase genes (3 up
and 1 down), 20 peroxidase genes (2 up and 18 down),
and 8 glutathione S-transferase genes (3 up and 5
down) were identiﬁed (supplementary table 6). These
genes play important roles in response to oxidative
stress in plants (Apel and Hirt 2004).
3.8 Related genes of plant senescence
Physiological, biochemical, and molecular processes
were involved in plant senescence (Woo et al. 2018).
Among our DEGs, stay-green genes were highly
expressed in differently colored leaves. A total of 12
genes encoding senescence-associated and inducible
chloroplast stay-green protein showed signiﬁcant differential expression. These were homologues of Arabidopsis stay-green gene (At4g22920: SGR1)
(At4g11910: SGR2), including SGR1 and SGR2
(Glyma11G02740: AY850141 and Glyma01G21460:
AY850142, SGR3a and SGR3b (Glyma17G13280 and
Glyma17G13290 respectively), two tandemly duplicated genes; and one SGR-like gene: (Glyma04g24380). The SGR1 and SGR2 genes are 91.30%
homologous which similar at the transcription level;
they were both up- and down-regulated at the transcription level.

The presence of chlorophyll is a major contributor to
the color of a plant’s leaves (Shen et al. 2017). The
expression of genes encoding for degradation of ChIprotein complexes was found to be different in differently colored soybean leaves. In our DEGs, many
genes were involved in the chlorophyll degradation
pathway, including 1 FER1 gene (Glyma03g05010),
which is proposed to be involved in senescence (Qin
et al. 2016), and 6 CCEs genes that had physical
interactions with LHC genes to degrade the chl (Li
et al. 2017). CCEs included 2 NYC genes (Glyma07g08570) (Glyma09g19120); 1 PPH gene (Glyma12g01060); 2 PaO genes (Glyma12g08210;
Glyma05g28900); 1 RCCR gene (Glyma14g01250);
and 1 HCAR gene (Glyma10g12840), which was
related to Chl retention (Teixeira et al. 2016) (supplementary table 7). These genes were always down-regulated in BN106.

3.9 RT-PCR conﬁrmation
Ten candidate genes were selected to verify the reliability of sequencing technology. GeNorm software was
used to evaluate the stability of housekeeping genes.
The housekeeping genes used for RT-PCR data normalization were determined (supplementary tables 8
and 9). The RT-PCR results showed the expression
level of these 10 genes with the results of the Solexa
sequencing analysis (ﬁgure 4).
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Figure 5. Relative expression levels of six genes in chlorophyll degradation pathways at different developmental period
(p\0.05). (A) Seedling stage. (B) Flowering stage. (C) Pre-mature stage.

In our study, we selected six key enzyme genes in
chlorophyll degradation pathways and analyzed the
changes in their expression at the seedling stage,
ﬂowering stage, and maturation stage. In BN106 plants
in the seedling stage, the relative expression levels of
the genes NYC1, PaO and HCAR were higher, while
the relative expression levels of genes PPH, MDcase
and RCCR were lower (ﬁgure 5A). Due to the vigorous
growth of the plants at the seedling stage, the chlorophyll content gradually increased. Therefore, there was
no signiﬁcant difference in expression levels of
chlorophyll- degrading enzyme-related genes in the
varieties studied (p\0.05). In the ﬂowering stage, the
relative expression levels of genes NYC1, PaO, HCAR,
PPH, and MDcase were higher in KF14, while the
relative expression level of gene RCCR was higher in
BN106 (ﬁgure 6B). The chlorophyll content of the
plant reached the peak that the related metabolic
pathway of chlorophyll synthesis dominated during the
ﬂowering. Therefore, the relative expression level of
chlorophyll-degrading enzyme-related genes was still
lower and there was no signiﬁcant difference between
the varieties (p\0.05). In the maturation stage, the
expression level of all six genes was lower in BN106,

with the relative expression level of MDcase, PPH, and
PaO signiﬁcantly reduced (ﬁgure 6C). These data
indicate that MDCase, PPH, and PaO play a key role
in the leaf senescence process of plants. MDCase and
PaO in particular may be the key factors affecting the
maintenance of green characteristics, while NYC1 and
RCCR contributed little towards the maintenance of the
green characteristic.
3.10 Genetic transformation identiﬁcation
In our study, we obtained many transgene-positive
soybean plants by RNA-interference using the nodeagrobacterium-mediated transformation system (supplementary ﬁgure 6), compared with the Jack (control
variety). The color of soybean seeds changed gradually
from yellow to green with the generation change (from
T0 to T2) (ﬁgure 6), indicating that GmSGR had an
important function in controlling seed yellowing. The
construction of the genetic transformation process is
considered feasible; we can use this method to identify
an overabundance of senescence-related genes in the
future.
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Figure 6. Changes in seed color of grained transformed plants in different generations.

4. Discussion
Delaying senescence in soybeans may be an important
tool in increasing crop yields. The mechanism of
senescence in soybeans is complicated and can be
inﬂuenced by many factors, including stay-green
genes, transcription factors, stress-related genes, kinases, and other genes related to plant senescence. Filtering the soybean germplasm for stay-green varieties
with different colors of seed and leaf is important. In
our experiment, we selected two soybean varieties:
KF14, which has a yellow seed coat, cotyledon, and
leaf; BN106, which has a green seed coat, cotyledon,
and stay- green leaf.
In our study, many potential stay-green-regulated
genes were identiﬁed in leaves. These include many
stay-green genes. The SGR gene family was involved
in chlorophyll degradation. The molecular, physiological and biochemical functions of soybean SGR1 and
SGR2 have been well-studied (Shi et al. 2016; Chang
et al. 2019). SGR1 (Glyma11g02740) functions as a
key regulator of Chl degradation. Overexpression of
GmSGR1 resulted in an early leaf-yellowing phenotype
in Arabidopsis (Sakuraba et al. 2015). The transcript
representing the GmSGR1 was Glyma11g02740, which
showed down-regulated expression (10.75-fold) in the
yellow-leaf variety. SGR2 is a negative regulator of
chlorophyll degradation during leaf senescence. SGR2
overexpressing plants remained green, while the sgr2–1
knockout mutant showed early leaf yellowing under
aging in Arabidopsis (Sakuraba et al. 2014). The
transcript representing the GmSGR2 was Glyma01G21460, which was up-regulated (12.79-fold) in
the green-leaf variety. The other two stay-green genes
(GmSGR3a/GmSGR3b) might be pseudogenes or
genes that are irrelevant to Chl degradation during seed
maturation and leaf senescence (Nakano et al. 2014).

The transcript representing the GmSGR3a/GmSGR3b
was Glyma17G132800/-Glyma17G132900, which
showed down-regulated expression (1.57-fold) and upregulated expression (1.73-fold) in the green-leaf
variety. This suggested that these genes may not assist
the Chl degradation in different leaf color conditions.
Some stay-green-like genes were found in our study.
The transcript representing one such GmSGR-like gene
was Glyma04g24380, which showed up-regulated
expression (2.37-fold) in the green-leaf variety. SGRlike genes have been found in many plant species.
They are primarily expressed in green tissues and signiﬁcantly down-regulated in rice leaves when the
plants under study suffered natural and dark-induced
senescence (Rong et al. 2013). The function of the
above genes must be veriﬁed by RNAi or genetic
transformation in future experiments.
In this study we noticed several transcription factors.
Transcription factors are a factor in response to stress
responses and senescence (Singh et al. 2002). The
expression level of the Glyma02g14100 (WRKY22)
(3.85-fold) gene, which is a defense-related transcription
factor that participates in the senescence signal transduction pathway (Zhou et al. 2011b), was down-regulated in the green-leaf variety. The expression level of the
Glyma10g01450 (WRKY54) (5.67-fold) gene was upregulated in the green-leaf variety. In Arabidopsis,
WRKY54 is a negative regulator of leaf senescence that
cooperates with WRKY70 (Besseau et al. 2012).
WRKY53 (2.38-fold down-regulated) (Glyma19g09410)
is a positive senescence regulator, while WRKY18 has the
opposite effect and was formerly characterized as a
downstream target of WRKY53 that also represses
expression of WRKY53 (Potschin et al. 2014). The
down-regulated expression of WRKY53 delays functional senescence (Miao et al. 2004). In our study, several
NAC transcription factors were detected. The NAC

103

Page 10 of 13

Cheng Wang et al.

transcription factor family of proteins can motivate genes
in response to abiotic stress and induce leaf senescence
(Nakashima et al. 2012). These genes were up-regulated
in the green leaf variety (i.e., Glyma13g27990, Glyma12g14910, etc.). We assumed that these genes might
indirectly regulate senescence and stress response pathways in soybeans. In addition, we found MYB transcription factors that were differentially expressed in the
two varieties (i.e., Glyma19g21900, Glyma18g25910)
(supplementary table 4). This indicates that the MYB
family of genes may be relevant to stay-green traits.
Meanwhile, many ethylene-responsive transcription
factors (ERF) and AP2/ERF were found in our study (i.e.,
Glyma20g20350, Glyma08g26150, etc.) (supplementary table 4). Early research indicated that ethylene is
involved in the regulation of leaf senescence (Graham
et al. 2012). Down-regulation of the ethylene biosynthesis gene led to substantially delayed leaf senescence.
The ethylene signaling pathway can also modulate NAC
activities and AP2/ERF genes during leaf senescence
(Koyama 2014). For these reasons, we assume that these
genes may be involved in stay-green traits.
We also found many protein kinases and reactive
oxygen species genes were differentially expressed.
Ca2? sensors in plants (i.e., Glyma17g01380, Glyma07g26020, etc.) included Ca2?-dependent protein
kinases (CDPKs). These have been conﬁrmed to be
involved in regulating plant responses to environmental
stresses (Ranty et al. 2016). Many ROS genes including the cytochrome P450 gene, lipoxygenase gene, and
peroxidase gene, are expressed differently in the two
varieties of soybean (i.e., Glyma02g11960, Glyma11g13030, etc.). During various environmental
stresses, chloroplasts are the main targets of ROS
damage, which is the response of plant cells undergoing leaf senescence (Jajic et al. 2015). These genes may
play a key role in plant senescence.
In addition to the stay-green gene, many genes were
involved in the chlorophyll degradation pathway. These
included 1 ferretin1 gene (FER1) (i.e., Glyma03g05010), which is proposed to be involved in
senescence (Jeong and Guerinot 2009); 6 catabolic
enzyme genes (CCEs), which had physical interactions
with LHCs to degrade the chl (Sakuraba et al. 2015); and
2 non-yellow coloring genes (i.e., Glyma07g08570,
Glyma09g19120), which were associated with Chl
retention (Teixeira et al. 2016) (supplementary table 7).
In our results, we found only 6 CCE genes, including
Non-yellowing coloring1 (NYC1) (Glyma07g08570,
3.81-fold down-regulated; Glyma09g19120, 8.91-fold
down-regulated), Pheophorbide a oxygenase (PaO)
(Glyma12g08210, 15.69-fold down-regulated), Red

chlorophyll catabolite reductase (RCCR) (Glyma14g01250, 2.09-fold down-regulated), 7-Hydroxymethyl
chlorophyll
a
reductase
(HCAR)
(Glyma10g12840, 2.68-fold down-regulated), and
pheophytinase (PPH) (Glyma12g01060, 2.09-fold
down-regulated). Other CCEs (NYC1-Like) were not
found in the two varieties of soybean studied. In Arabidopsis and rice, it was reported SGR1 physically
interacts with six CCEs. In addition, SGR1 and six CCEs
speciﬁcally interact with LHC proteins. These results
indicate that the multi-protein complexes are involved in
the ChI degradation during senescence (Shakuraba et al.
2012, 2013).
We used Solexa/Illumina deep-sequencing technology in this study. Many DEGs related to stay-green
genes and senescence regulation were identiﬁed in
two soybean genotypes. Six key enzyme genes in
chlorophyll degradation pathways were selected to
analyze the changes in their expression at the seedling
stage, ﬂowering stage, and maturation stage. MDCase
and PaO genes were found to have signiﬁcant levels
of expression, indicating that they may be the key
factors affecting the maintenance of green characteristics. The construction of the genetic transformation
process is considered reliable. We used this method to
verify the function of GmSGR by RNA-interference.
In summary, this study may be useful in providing
information on the molecular mechanism of senescence in soybean varieties with different stay-green
characteristics.
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