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Abstract
Background: The normal metabolism of transitory starch in leaves plays an important role in ensuring
photosynthesis, delaying senescence and maintaining high yield in crops. OsCKI1 (casein kinase I1)
plays crucial regulatory roles in multiple important physiological processes, including root development,
hormonal signaling and low temperature-treatment adaptive growth in rice; however, its potential role in
regulating temporary starch metabolism or premature leaf senescence remains unclear. To reveal the
molecular regulatory mechanism of OsCKI1 in rice leaves, physiological, transcriptomic and proteomic
analyses of leaves of the mutant lses1 (leaf starch excess and senescence 1), allelic to osckI1, and its
wild-type variety (WT) were performed.

Results: Phenotypic identi�cation and physiological measurements showed that the lses1 mutant
exhibited starch excess in the leaves and an obvious leaf tip withering phenotype as well as high ROS
and MDA contents, low chlorophyll content and protective enzyme activities compared to WT.
Transcriptomic and proteomic analyses showed that the correlations of most genes at the transcription
and translation levels were limited. However, the changes of several important genes related to
carbohydrate metabolism and apoptosis at the mRNA and protein levels were consistent. The protein-
protein interaction (PPI) network might play accessory roles in promoting premature senescence of lses1
leaves. Comprehensive transcriptomic and proteomic analysis indicated that multiple key genes/proteins
related to starch and sugar metabolism, apoptosis and ABA signaling exhibited signi�cant differential
expression. Abnormal increase in temporary starch was highly correlated with the expression of starch
biosynthesis-related genes, which might be the main factor that causes premature leaf senescence and
changes in multiple metabolic levels in leaves of lses1. In addition, signi�cant up regulation of four
proteins associated with ABA accumulation and signaling were detected in the lses1 mutant, suggesting
that ABA may involve in multiple metabolic regulation via LSES1/OsCKI1 and the formation of mutant
phenotype in lses1 leaves.

Conclusion: The current study established the high correlation between the changes in physiological
characteristics and mRNA and protein expression pro�les in lses1 leaves, and emphasized the positive
effect of excessive starch on accelerating premature leaf senescence. The expression patterns of
genes/proteins related to starch biosynthesis and ABA signaling were analyzed via transcriptomes and
proteomes, which provided a novel direction and research basis for the subsequent exploration of the
regulation mechanism of temporary starch and apoptosis via LSES1/OsCKI1 in rice.

1. Background
Leaves are a critical metabolic source for plants to photosynthesize and produce organic energy
materials, and the developmental status of leaves is closely related to the yield of crops. Starch, which
includes storage starch in storage organs and transitory starch in photosynthetic organs, is the
predominant carbohydrate synthesized by photosynthesis. It not only plays an important role in growth,
development and reproduction in plants but also serves as the most important food, feed and energy
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source for human beings [1]. Therefore, the regulatory mechanism of starch synthesis, degradation and
accumulation has become a research focus in plant physiology. In leaves, transitory starch is formed in
chloroplasts during the day and broken down hydrolytically and phosphorolytically at night [2]. Using
forward and reverse genetics, more than 40 enzymes have been discovered that are active in the process
of transitory starch turnover in Arabidopsis [3]. However, the underlying mechanism with details of
transitory starch turnover is presently poorly understood.

In the postgenomic era, the iTRAQ (isobaric tags for relative and absolute quanti�cation)-based
quantitative proteomics approach is an important large-scale, high-throughput analysis tool for
investigating biological systems. Precise analysis of the proteome is essential for understanding the
regulation of transitory starch, which needs to be further elucidated at multiple levels. Genome-wide
proteomic analyses are crucial for providing accurate pictures of the regulatory networks of functional
genes and proteins. However, how changes in transcriptional, posttranscriptional or even translational
control are re�ected in changes at the protein level remains unclear. Poor correlations between mRNA and
protein expression have often been reported [4, 5]. A recent study in a �breless mutant of cotton using
integrative transcriptome, proteome, phosphoproteome and genetic mapping emphasized the importance
of the translational regulation of protein abundance [6], re�ecting the signi�cance of a comprehensive
view of gene expression.

OsCKI1, which is known as hbd2/LTRPK1/LTG1/EL1, encodes a member of the casein kinase I family
and has been reported to be involved in hybrid breakdown, root development, hormone response, cold
adaptation and heading [7-11], suggesting that OsCKI1 has pleiotropic functions in rice growth and
development. To date, no results have linked OsCKI1 to regulating temporary starch metabolism or
premature leaf senescence in rice.

Here, we report an integrative analysis of the transcriptome and proteome in an OsCKI1-de�cient allelic
mutant lses1 (leaf starch excess and senescence 1), which has an obvious premature senescence and
excess starch phenotype in leaves. The physiological characteristics and differentially expressed
genes/proteins in lses1 were analysed. The results indicated that several key functional categories, such
as carbohydrate metabolism, response to hormone stimulus, pigment metabolism, translation,
cytoplasmic part and plastid organization, were signi�cantly enriched. Moreover, it was found that
changes in the physiological characteristics of leaves were directly re�ected in the mRNA and protein
levels, which were consistent with the physiological measurement results and the omics data. Notably,
this result also suggested that ABA (abscisic acid) may be involved in multiple metabolic regulation
via LSES1/OsCKI1 and the formation of mutant phenotypes in lses1 leaves. This result may be bene�cial
to the study of the genetic regulation of temporary starch in rice leaves.

2. Methods
2.1 Plant materials and growing conditions
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The stably inherited mutant lses1 (leaf starch excess and senescence 1) with an obvious leaf tip
withering phenotype was derived from the progeny of rice indica restorer line Hanhui1014 seeds treated
with γ-ray irradiation. Hanhui1014 plants represent the wild-type (WT). Our earlier studies have
demonstrated that LSES1 encodes a CKI protein and is allelic to OsCKI1 (LOC_Os02g40860), also known
as hbd2 [7], LTRPK1 [8, 9], LTG1 [10] and EL1 [11]. Similar to the mutant ltg1 [10], a T to A missense
mutation at nucleotide 1070 in the coding region resulted in the amino acid substitution of isoleucine to
lysine (I357K) in the LSES1 protein in mutant lses1 (our unpublished data). All the plant materials were
provided by the Laboratory of Crop Germplasm Resources Innovation and Utilization, Fujian Agriculture
and Forestry University. Rice plants were cultivated under natural conditions in a paddy �eld Fujian
Agriculture and Forestry University. Pregerminated seeds were sown, and the seedlings were transplanted
with an interplant spacing of 20×20 cm2.

2.2 Determination of starch content and I2-KI staining in leaves

The phenotype of excessive starch and premature senescence of lses1 leaves appeared from  three-leaf
stage to tillering stage. Therefore, the leaves of WT and lses1 at six-leaf stage which is the transition
period between seedling stage and tillering stage were used for the following analyses. The second leaf
from the top of WT and lses1 seedlings at the sixth leaf stage was harvested at the end of the night
(6:00) and at the end of the day (18:00), frozen in liquid nitrogen and stored at -80°C. Approximately 0.2 g
frozen leaf samples were ground using a mortar and pestle under cryogenic conditions. The leaf powder
was measured by using a starch content assay kit (BC0700, Solarbio, China) according to the
manufacturer’s assay procedure. At the same time, the �rst, second, and third leaves from the top of the
WT and lses1 seedlings were sampled and stained with I2-KI solution as described by Hagen et al (2008)
with minor modi�cations [12]. The leaves were incubated in an acetone/ethanol (1:1, v/v) mixture
and placed at room temperature for 24-36 h until the chlorophyll was removed. After bleaching, the leaves
were put in I2-KI solution for approximately 20 min and then removed and placed on a table.
Photographs were taken and saved with a camera. Three biological replicates of each sample were
performed.

2.3 Determination of photosynthetic pigment content

The second leaf from the top of WT and lses1 seedlings at the sixth leaf stage was harvested at 8:30 on
a sunny day. Measurement of the photosynthetic pigment content was performed according to the
procedures of Wellburn (1994) with slight modi�cation [13]. Brie�y, approximately 0.1 g of cut leaves was
soaked in a centrifuge tube with a 25 mL mixed solution of acetone/absolute ethanol (1:1, v/v). After 24
h in the dark, the absorbance values of the soaking liquid at wavelengths of 663 nm, 645 nm and 470 nm
were measured separately by using a spectrophotometer (Beckman Coulter-DU720, USA). Then, the
contents of Chl a, Chl b and total Chl were calculated by referring to standard formulas. Three biological
replicates of each sample were performed.

2.4 Determination of lipid peroxidation and ROS-scavenging enzymes
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The second leaf from the top of WT and lses1 seedlings at the sixth leaf stage of was sampled at 8:30 on
a sunny day and quickly frozen in liquid nitrogen before storage at -80°C. The weighed frozen leaf
samples were ground on ice by using a mortar and pestle containing phosphate buffer. After grinding, the
homogenate was used to determine the contents of MDA, H2O2, O2- and •OH and the activities of CAT,
SOD and POD according to the methods of kits purchased from the Nanjing Jiancheng Bioengineering
Institute (China). The kits were A003-1, A064, A052, A018, A007-1, A001-1 and A084-3, respectively. Three
biological replicates of each sample were performed.

2.5 RNA-seq assays and data analysis

Ten centimetre long segments of the leaf tip from the second leaf from the top of seedlings at the sixth
leaf stage were harvested at the end of the night (6:00), quickly frozen in liquid nitrogen and stored at
-80°C. Three biological replicates of each sample were performed, and each replicate contained ten leaf
segments. RNA-seq analysis was performed by Annoroad Gene Technology (Beijing, China). Total RNA
was extracted from leaves with TRIzol reagent (Invitrogen) following the manufacturer’s instructions. The
RNA concentration was measured with a Nanodrop spectrophotometer (Thermo), and RNA integrity was
checked using a 1% agarose gel and an Agilent 2100 Bioanalyzer. After poly(A) mRNA isolation, cDNA
libraries for RNA-seq were constructed using an Illumina gene expression sample prep kit (Illumina). Deep
sequencing of the cDNA libraries was accomplished by Annoroad Genome. The reference genome
information was from the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu). The total
reads of every gene locus were counted using ERANGE software (http://woldlab.caltech.edu/gitweb/).
The expression level of each gene was normalized to the RPKM (reads per kilobases per million reads)
value.

2.6 Total protein extraction, digestion and iTRAQ labeling

The leaf samples used for iTRAQ analysis were the same as those used for RNA-seq analysis. Protein
extraction and digestion of each sample for proteomic analysis were performed according to Han et al
(2014) with minor modi�cations [14]. iTRAQ labelling of peptides was performed using an iTRAQ 4-plex
kit (Applied Biosystems, USA) according to the manufacturer's instructions, dried by vacuum
centrifugation and stored at -80°C until LC-MS/MS analysis.

2.7 LC-MS/MS analysis

Samples were analysed on a nanoElute (plug-in V1.1.0.27; Bruker, Bremen, Germany) coupled to a
timsTOF Pro (Bruker, Bremen, Germany) equipped with a CaptiveSpray source. All raw �les were analysed
by Peaks Studio X software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Data were searched
against the rice UniProt Reference Proteome with isoforms (downloaded December 2019). De novo
sequencing of peptides, database searching and characterization of speci�c PTMs were performed to
analyse the raw data; the false discovery rate (FDR) was set to ≤1%, and [-10*log(p)] was calculated
accordingly, where p is the probability that an observed match is a random event.
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2.8 Bioinformatics analysis

The differentially expressed proteins (DEPs) and genes (DEGs) between WT and lses1 were identi�ed by
using the DESeq R package [15]. Proteins with a fold change greater than 1.5 were considered DEPs. The
genes that had a fold change greater than 2.0 and a p-value < 0.05 were regarded as DEGs. The
hierarchical cluster analysis of DEGs according to the gene expression pattern in each sample was
performed utilizing the pheatmap package in R [16]. Gene Ontology (GO ) enrichment analyses of DEGs
and DEPs were performed by using the BiNGO plugin in Cytoscape based on the parameter FDR = 0.05
[17]. The protein-protein interactions in rice were assessed by the STRING database (http://string-db.org/),
and the functional clusters of the protein-protein interaction network containing DEPs were distinguished
by the MCODE [18] plugin in Cytoscape with built-in parameters.

3. Results
3.1 Phenotypic and physiological characteristics of lses1 leaves

No phenotypic differences between the lses1 mutant and WT were observed before the three-leaf stage.
However, compared with WT plants, the older leaf blades of lses1 started to wither at the leaf tips from
the third-leaf stage and began to exhibit a premature leaf senescence phenotype (Fig. 1-A left), and the
withering degree deepened with the development process and gradually developed at higher leaf
positions (Fig. 1-A mid and right). The starch contents in leaves were determined at 6:00 (the end of night,
EN) and 18:00 (the end of day, ED); the values of lses1 at 18:00 and 6:00 were 1.9 and 2.7 times that of
WT, respectively, and the value at 6:00 was slightly lower than that at 18:00 in lses1 (Fig. 1-B left and
Table S1). In the same period, seedlings of the lses1 mutant and WT were stained with I2-KI solution. At
18:00, the leaves of the three leaf positions in lses1 and WT were dyed dark blue by I2-KI solution, but the
colour of lses1 leaves was slightly darker. At 6:00, the colour of WT leaves was pale yellowish brown,
while the leaves of lses1 were still blue to varying degrees (Fig. 1-B right). Taken together, the results
indicated that the starch produced by photosynthesis in the leaves of lses1 during the day was
incompletely decomposed and utilized at night. 

Furthermore, determinations of other physiological characteristics were also performed in the leaves of
lses1 and WT at the seedling stage. The results showed that the contents of H2O2, O2-, •OH and MDA of
lses1 leaves were signi�cantly higher than those of WT leaves to varying degrees (Fig. 1-C top and Table
S1), while the activities of SOD, POD and CAT were signi�cantly lower in lses1 than in WT (Fig. 1-C
bottom-left and Table S1). The Chl a, Chl b and total Chl contents in lses1 leaves were all signi�cantly
lower than those in WT leaves (Fig. 1-C bottom-right and Table S1). These results implied that increased
lipid peroxidation, an imbalance of ROS-scavenging systems and chlorophyll degradation occurred
in lses1 leaves.

3.2 Identi�cation and analysis of DEGs 
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To obtain more information at the mRNA level, a comparative transcriptomic analysis of lses1 and WT
leaves was performed. The quality of the sequencing results showed that after the transcriptome
sequencing data of each sample were �ltered based on the clean Q30 base rate (%), the proportion of
bases with a quality value greater than 30 (error rate less than 0.1%) in the total set exceeded 90% (Fig. 2-
A and Table S2), indicated that these results were su�cient for subsequent analyses. In this study, 4989
(2883 upregulated and 2106 downregulated) differentially expressed genes (DEGs) were
identi�ed between lses1 and WT with the following parameters: p-value < 0.05 and fold change > 2 (Fig.
2-B and Table S3). As shown in Fig. 2-C, these DEGs were congregated into two distinct modules by
Hierarchical Clustering according to the expression level of each gene in the samples. Gene Ontology
enrichment analyses of biological process (GO-BP) for DEGs were performed, and the top 15 functional
subcategories were selected to create a bubble chart. As shown in Fig. 2-D, several key processes, such as
carbohydrate metabolic process, oxidation reduction, starch metabolic process, response to abiotic
stimulus, nucleotide metabolic process, alcohol metabolic process and pigment metabolic process, were
signi�cantly enriched.

3.3 Identi�cation and analysis of DEPs

Proteome pro�le analyses were performed on the leaves of lses1 and WT. A total of 82903 peptides were
detected, and the lengths of peptides, as determined by proteomics, ranged mostly from 6 to 12 aa (Fig.
3-A and Table S4). A total of 3192 proteins containing at least two unique peptides were detected from
these peptides, and 568 differentially expressed proteins (DEPs), including 455 upregulated proteins and
113 downregulated proteins, were identi�ed between lses1 and WT (Fig. 3-B and Table S4). GO
enrichment analysis of these 568 DEPs was performed, and the top 10 functional subcategories of each
of the three GO categories were selected to create a bar graph. As shown in Fig. 3-C, in the biological
process category, translation was the most enriched subclass, followed by cellular biosynthetic process,
biosynthetic process, and monosaccharide metabolic process. In the cellular component category,
cytoplasmic part was the subclass with the highest enrichment score, followed by cytoplasm, cytosolic
part, and ribosome. In the molecular function category, structural molecule activity occupied the top
place, followed by structural constituent of the ribosome, rRNA binding, and RNA binding.

3.4 Functional clusters in the PPI network

To explore the biological characteristics of the 568 differentially expressed proteins, a protein-protein
interaction (PPI) network was constructed by integrating these proteins and the known STRING
interactions and distinguishing the functional clusters via the MCODE [18] plugin for Cytoscape
according to the default parameters. In total, four highly related functional clusters were identi�ed and
named clusters 1, 2, 3 and 4, which included 50, 16, 14 and 25 proteins, respectively (Fig. 4-A and Table
S5). Notably, several proteins related to carbohydrate metabolism were found to interact such as glucose-
6-phosphate 1-dehydrogenase and ATP-dependent 6-phosphofructokinase. Moreover, a Gene Ontology
enrichment analysis of biological process (GO-BP) for these four clusters was performed, and the top 10
functional subcategories of each cluster were selected to create a bar graph. As shown in Fig. 4-B, several
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key processes were signi�cantly enriched in the four clusters: protein metabolic process, macromolecule
metabolic process, photosynthesis, plastid organization, catabolic process, hexose metabolic process,
lipid metabolic process and organic acid process. Overall, the PPI network containing these four
functional clusters might play an accessory role in the formation of excess starch and premature aging
phenotype in lses1 leaves.

3.5 Carbohydrate metabolism- and apoptosis metabolism-associated genes/proteins

Thus far, comprehensive proteome and transcriptome studies have shown that the correlation between
mRNA levels and protein expression across large data sets is generally weak [4, 5, 19]. To more fully
clarify the regulation mechanism of temporary starch and premature senescence of rice leaves, the
differentially expressed genes/proteins related to carbohydrate metabolism and apoptosis metabolism
were comprehensively screened from WT and lses1 in the following analysis. 

More than 240 genes/proteins involved in carbohydrate metabolism were identi�ed between lses1 and
WT (Table S6). As expected, several carbohydrate metabolism-related genes in lses1 showed a consistent
trend of changes at the mRNA and protein levels. For example, the genes encoding glucose-1-phosphate
adenylyltransferase large subunit (AGP-L), chloroplastic maltose excess protein 1-like (MEX1), soluble
starch synthase 1 (SSS1), sucrose synthase 1 (SUS1), fructokinase 2 (FRK-2), pyrophosphate--fructose 6-
phosphate 1-phosphotransferase subunit alpha (PFP-ALPHA), cytosolic pyruvate kinase
isozyme (PK), malate dehydrogenase (MDH), alcohol dehydrogenase 1 (ADH1) and trehalose-6-
phosphate synthase 3 (TPS3) all exhibited increased transcripts and protein abundance (Table S6). Other
genes/proteins in lses1, such as the genes encoding chloroplastic β-amylase 3 (BAM3) involved in starch
metabolism, glyceraldehyde-3-phosphate dehydrogenase (GAPC) involved in glycolysis
and trehalase (TRE) involved in trehalose metabolism also showed altered transcription levels (Table S6).
Overall, the up- and down-regulation of these genes/proteins might lead to the imbalance of carbohydrate
metabolism in lses1 leaves.

Furthermore, more than 50 genes/proteins involved in apoptosis-related metabolism in lses1 showed
increased or decreased abundance (Table S7). Notably, the genes encoding L-ascorbate
peroxidase (APX1; APX3) involved in ROS scavenging, nonspeci�c lipid-transfer protein (nsLTP2) involved
in phospholipid metabolism, and adenine phosphoribosyltransferase form 2 (APRT) involved in nucleic
acid metabolism were regulated at both mRNA and protein levels (Table S7). Several
genes/proteins associated with ROS production, such as the protein photosystem I iron-sulfur centre
(psaC) and the gene encoding cytochrome bc1 complex subunit (CR7) in lses1 exhibited increased
protein and transcript abundance, respectively (Table S7). Besides, chlorophyll metabolism-associated
genes, such as the genes encoding chloroplastic protein STAY-GREEN (SGR), putative red chlorophyll
catabolite reductase (rccR) and ABC transporter C (ABCC3) in lses1 also showed higher transcription
levels than those in WT (Table S7). Taken together, the transcription or abundance of these
genes/proteins increased and decreased, revealing changes in chlorophyll metabolism and redox
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homeostasis in lses1 leaves, which was basically consistent with the previous physiological
characteristic detection results.

3.6 Multiple metabolic regulation mediated by differentially abundant genes/proteins

A possible schematic for the metabolic regulation mediated by partial differentially abundant
genes/proteins was provided to explain the changes in multiple metabolic levels in the leaves of lses1. As
shown in Fig. 5 and Table S8, 35 genes were used to describe the pathways related to carbohydrate
metabolism, redox homeostasis and cell signaling in lses1 leaves, and the changes in transcription and
protein levels of each gene were marked. The results implied that the excessive accumulation of
tempoary starch might be the main factor of premature senescence and imbalance of carbohydrate
metabolism in lses1 leaves, and the mutant gene LSES1/OsCKI1 may regulate starch metabolism and
cell apoptosis through ABA-mediated signaling. 

4. Discussion
4.1 Premature senescence and excess starch phenotype induced by LSES1 mutation

Assimilate partitioning has long been recognized as a target for crop improvement because it can limit
the yield potential of crop plants. A phenotype involving an excessive accumulation of starch and growth
retardation is often observed when any inhibition in the export of photoassimilate or in starch
metabolism occurs in the leaves [20]. In this study, the OsCKI1-de�cient allelic mutant lses1 showed
obvious premature senescence and an excess starch phenotype in leaves. Compared with WT, older leaf
blades in lses1 displayed chlorosis at the tip from the third-leaf stage, and the chlorosis degree deepened
with the development process and gradually developed to higher leaf positions (Fig. 1-A). In particular, the
starch content and I2-KI staining analysis indicated that lses1 presented an abnormal starch
accumulation phenotype in leaves during premature senescence (Fig. 1-B and Table S1). This phenotype
was similar to that of three reported rice mutants, esl10 [21], ossac3 [22]and ossac4 [23]. Although LSES1
is allelic to OsCKI1/hbd2/LTRPK1/LTG1 and the mutation site in the lses1 mutant is similar to that in
the ltg1 mutant (our unpublished data), no results have been reported on the premature senescence and
excess starch phenotype in the leaves of OsCKI1-de�cient allelic mutants except lses1. Therefore, the
lses1 mutant is an ideal material for studying the molecular mechanism of premature leaf senescence
and temporary starch metabolism via LSES1/OsCKI1 and the pleiotropism of LSES1/OsCKI1 in rice.

4.2 Global changes in the transcriptome and proteome in lses1 

To comprehensively explore the mechanism of premature leaf senescence caused by temporary starch
regulation and the changes in metabolic levels during senescence, transcriptome and proteome analyses
were conducted, and the results showed global changes in mRNA and protein levels in lses1 leaves (Fig.
2-C and Fig. 3-B). Furthermore, subsequent functional analysis of the 4989 differentially expressed genes
(DEGs) and 568 differentially expressed proteins (DEPs) showed that the DEGs were mainly involved in
carbohydrate metabolic process, oxidation reduction and response to abiotic stimulus (Fig. 2-D), while the
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DEPs were heavily involved in translation, cytoplasmic part and biosynthetic process (Fig. 3-D). Gene
expression is usually affected by transcription, posttranscriptional regulation, RNA splicing, translation,
and posttranslational modi�cation, which results in changes in mRNA and protein levels that are not
always the same. In this study, approximately 20% of the identi�ed proteins were also found to be
regulated at the transcriptional level. The congruence between proteomics and transcriptome data seems
to be very poor, which is consistent with general observations [4, 5, 18, 24, 25].  

4.3 Metabolic imbalance induced an excessive accumulation of starch and affected glycolysis/TCA cycle
in lses1 leaves

The metabolism of temporary starch may be a complex network formed by the coordinated expression of
numerous genes. In this study, several key proteins involved in starch biosynthesis, such as AGP-
L (glucose-1-phosphate adenylyltransferase large subunit), GBSSII (granule-bound starch synthase II),
SSS1 (chloroplastic soluble starch synthase 1) and SSI (chloroplastic starch synthase I), all exhibited
increased abundance in lses1 (Fig. 5). Notably, AGP-L is the �rst rate-limiting enzyme in starch
biosynthesis, and its overexpression rice plants show signi�cantly increased starch content in
leaves [26]. Moreover, several β-amylases in lses1 showed down-regulated transcription levels. A striking
sample is BAM3 (Fig. 5), which encodes the most important β-amylase that strongly participates in the
decomposition of temporary starch in leaves at night, and its functional deletion mutant exhibits a higher
transitory starch accumulation phenotype in leaves than does other β-amylase deletion mutants [27].
Excessive accumulation of leaf starch affects the normal development of plants, resulting in plant growth
retardation, decreased yield, and even premature senescence, which has been reported in typical model
plants, such as rice and Arabidopsis [21, 28, 29].

Furthermore, the expression levels of multiple genes/proteins related to carbohydrate metabolism
downstream of starch metabolism in lses1 were almost all upregulated (Fig. 5). SUS (sucrose synthase
1) overexpression provides more UDP-glucose and fructose for various metabolic pathways [30], while
FRK (fructokinase-2) upregulation catalyses the formation of more fructose-6-phosphate derived from
fructose and channels sucrose into the glycolytic pathway [31]. It could be speculated that the substrate
of glycolysis is more biased towards fructose and sucrose rather than glucose derived from starch due to
the accumulation of starch in the chloroplast, which reduces the transport of maltose and glucose to the
cytoplasm. The increased intermediate products further induce the upregulation of downstream
glycolysis/TCA cycle-related genes (Fig. 5). On the other hand, the additional sucrose consumption
seemed to induce the upregulation of MEX1 (chloroplastic maltose excess protein 1-like) and TRE
(trehalase) to maintain a stable sucrose content (Fig. 5). MEX1 is the main carrier of maltose from
chloroplasts to the cytoplasm for sucrose synthesis [32], while TRE is involved in trehalose metabolism,
playing an important role in regulating the balance of sucrose and trehalose contents [33].

Taken together, these results implied that the metabolic imbalance of transitory starch, which appeared
as increased starch biosynthesis and incomplete starch degradation, induced the excessive accumulation
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of starch in lses1 leaves, which coincided with the abovementioned phenotype and physiological
characteristics in lses1.

4.4 Increased premature senescence-related metabolism in lses1

Comparative transcriptomic and proteomic analyses implied that in addition to carbohydrate
metabolism-related genes/proteins, other mechanisms might contribute to explaining the premature
senescence phenotype of lses1 mutant leaves. The leaves of lses1 presented increased ROS and MDA
contents compared to WT (Fig. 1-C top). These physiological differences were also re�ected in the
changes in mRNA and protein levels. For example, the protein psaC (photosystem I iron-sulfur centre) and
gene CR7 (cytochrome bc1 complex subunit, complex III) in lses1 showed increased protein and
transcript abundance, respectively (Fig. 5). Among them, psaC is involved in ROS generation in the
chloroplastic electron transport chain [34], while CR7 affects the electron transfer rate of the
mitochondrial respiratory chain [35]. The leaves of lses1 showed lower SOD, CAT and POD activities
compared with WT (Fig. 1-C bottom-left). Interestingly, several L-ascorbate peroxidases, such as APX1
and APX3, in lses1 all exhibited increased transcripts and decreased protein abundance (Fig. 5), which
suggested that the expression of APXs is posttranscriptionally regulated [36]. In addition, the contents of
chlorophyll a, chlorophyll b and total photosynthetic pigment in lses1 leaves were signi�cantly higher
than those in WT (Fig. 1-C bottom-right). As expected, several photosynthetic pigment anabolism-
associated genes in lses1 were regulated. For example, CAO (chlorophyllide a oxygenase), which is
involved in chlorophyll b biosynthesis [37], and rccR (putative red chlorophyll catabolite reductase), which
is involved in chlorophyll a degradation [38], showed down- and upregulated transcription levels,
respectively (Fig. 5). Notably, SGR in lses1 exhibited reduced transcription (Fig. 5); this gene triggers
chlorophyll degradation in natural or dark-induced leaf senescence [39], and both its deletion and
overexpression will affect the degradation of chlorophyll in rice leaves [40]. 

In brief, the results showed increased premature senescence-related metabolism in lses1 and suggested
consistency between the transcriptomic and proteomic analyses and the physiological determination of
lipid peroxidation and ROS-scavenging enzymes.

4.5 Increased nucleotide degradation and inhibited cell proliferation in lses1

Senescence is considered a self-saving strategy in plants, during which plants recycle and deliver
nutrients from degraded proteins, lipids, and nucleic acids to still growing sites [41]. A similar senescence-
induced plant adaptation also occurred in the lses1 mutant described herein. In this study, APRT (adenine
phosphoribosyltransferase form 2) in lses1 showed a higher protein abundance level than that in WT
(Fig. 5); this gene is involved in step 1 of the subpathway in the salvage pathway that synthesizes AMP
(adenosine monophosphate) from degraded adenine [42]. Interestingly, TET6 (tetraspanin-6), which is
considered a senescence-associated protein and is involved in leaf and root growth via negative
regulation of cell proliferation in Arabidopsis [43], was found to be expressed in lses1 but not in WT (Fig.
5). Additionally, KRP6 (cyclin-dependent kinase inhibitor 6) was found to be overexpressed in lses1
mutant (Fig. 5), which accumulates in Arabidopsis lacking CK1s/AELs will inhibit cell proliferation [44].
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Taken together, these results implied that increased RNA/DNA degradation (a trait of PCD), nutrient
recycling of nucleotides and inhibited cell proliferation occurred in the lses1 mutant during senescence.

4.6 ABA may involve in multiple metabolic regulation via LSES1/OsCKI1 

The rapid accumulation of ABA is considered one of the key characteristics of plants in response to
abiotic stress [45], and it is related to the changes in starch metabolism induced by stress [46]. In this
study, four proteins associated with ABA accumulation and signaling, including ASR5 (abscisic stress-
ripening protein 5), ASR2 (abscisic stress-ripening protein 2 fragment), PYL5 (ABA receptor 5) and SAPK
(serine/threonine-protein kinase), showed signi�cantly increased abundances in the lses1 mutant (Fig. 5).
Among them, ASR5 is involved in the ABA-mediated stomatal closure pathway in response to drought
and osmotic stress, and rice plants overexpressing ASR5 gene exhibit higher endogenous ABA
accumulation [47]. PYL5 functions as a positive regulator of abiotic stress-responsive gene
expression [48], which together with SAPK2, is part of an ABA signaling unit that modulates seed
germination and early seedling growth [49]. OsCKI1/hbd2/LTRPK1/LTG1/EL1, which is involved in hybrid
breakdown, root development, hormone response, cold adaptation and heading, has been cloned utilizing
multiple rice mutants with different phenotypes [7-11]. Notably, Liu et al. (2003) showed that OsCKI1 may
be involved in the regulation of gene expression and mediating the interaction of ABA and other
hormones signaling through hierarchical phosphorylation [8]. Recent study reports that mutation of the
CK1s causes reduced phosphorylation, ubiquitination, and degradation of ABA receptors PYR/PYLs,
thereby enhancing the ABA responses [50], which is similar to the result observed in the lses1 mutant. In
addition, transcriptional and translational control seems to play important roles in the regulation of starch
metabolism in response to stress. Multiple primary carbohydrate metabolism-related genes were found to
be regulated by ABA in previous transcriptomic and proteomic studies [51-53]. For example, AGP-
L (glucose-1-phosphate adenylyltransferase large subunit) which encodes the large subunits of AGPase
involving in starch biosynthesis showed up-regulated expression in lses1 mutants (Fig. 5). The
accumulation of AGP-Ls transcript is known to cooperatively regulated by ABA and sucrose, and their
expression patterns were elevated signi�cantly by the co-treatment of sucrose and ABA [54, 55]. Taken
together, these results implied that LSES1/OsCKI1 mutation might enhance the ABA response, and then
the increased ABA cooperated with sucrose to regulate downstream starch metabolism-related gene
expression, which ultimately leads to excessive starch and premature senescence phenotypes
in the leaves of lses1 mutant.

4.7 The PPI network may affect the development and metabolism of leaves in lses1

Analysing protein-protein interaction (PPI) networks has become increasingly important for further
exploring the biological characteristics of proteins during plant development. In this study, 568 DEPs were
used to form a PPI network, and four highly related functional clusters were found in this interactome by
the MCODE [18] Cytoscape plugin (Fig. 4-A). In cluster 1, four proteins, A2XZF9, B8AZD7, B8ACZ5 and
B8AE20, encoding the eukaryotic translation initiation factor 3 subunit, were found to interact, which may
be due to their functional links in modulating the global translation rate to regulate cell growth,
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proliferation and differentiation [56]. These four proteins all showed upregulation in lses1 (Table S4). In
cluster 2, B8AGW7 (acetyltransferase component of pyruvate dehydrogenase complex) interacted with
A2XTX6 (3-oxoacyl-[acyl-carrier-protein] synthase). The pyruvate dehydrogenase complex synthesizes
acetyl-CoA, which binds to acyl carrier proteins to participate in fatty acid biosynthesis [57]. Both
B8AGW7 and A2XTX6 also showed upregulation in lses1 (Table S4). In cluster 3, two carbohydrate
metabolism-related proteins were found to interact: A2WLL3 (ATP-dependent 6-phosphofructokinase)
and A2YKG1 (glucose-6-phosphate 1-dehydrogenase). Their interaction is due to the connection of
substrates between glycolysis and the pentose phosphate pathway. Both A2YKG1 and A2WLL3 were
upregulated in lses1 (Table S4). In cluster 4, two proteins related to phospholipid metabolism were found
to interact: B8AL07 (phosphatidylserine decarboxylase proenzyme 1) and Q9LKM2 (phospholipase D).
Their interaction also includes N-acylphosphatidylethanolamines (NAPEs), which exist during cell
damage [58]. Phosphatidylserine decarboxylase proenzyme 1 and phospholipase D are involved in the
synthesis and decomposition of NAPEs, respectively [59, 60]. Interestingly, Q9LKM2 was downregulated
but B8AL07 was upregulated in lses1 (Table S4), which suggested that these two proteins may have an
antagonistic effect. Taken together, these results implied that the PPI network might play an accessory
role in promoting the apoptosis-related metabolism level of lses1 leaves.

5. Conclusion
The osckI1 allelic mutant lses1, which displayed premature senescence and an excess starch phenotype,
was comprehensively analysed with transcriptomic and proteomic approaches. The differentially
expressed genes (DEGs) and proteins (DEPs) revealed changes in several important metabolic
mechanisms, such as carbohydrate metabolism, pigment metabolism, redox regulation and cell
signaling. A possible schematic for the metabolic regulation mediated by differentially abundant
genes/proteins was provided to explain the changes in multiple metabolic levels in the leaves
of lses1 (Fig. 5 and Table S8). The results implied that the excessive accumulation of temporary starch in
leaves was the main factor that induced premature senescence of lses1 leaves and changes in several
carbohydrate metabolism levels (including glycolysis/TCA cycle and trehalose metabolism) downstream
of starch metabolism. The protein-protein interaction (PPI) network might play an auxiliary role in
promoting premature leaf senescence in lses1. In addition, the possible potential roles of the mutant
LSES1/OsCKI1 gene in cell signaling were discussed. The analysis results suggested that LSES1/OsCKI1
might participate in the regulation of starch metabolism, cell apoptosis and ABA-mediated signaling, but
future studies are required to verify it. Altogether, our study provides novel insight into the metabolic
mechanism of temporary starch via LSES1/OsCKI1 in rice leaves.
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Figure 1

Phenotypes and physiological characteristics of the wild type (WT) and lses1 mutant. A, Phenotypes of
the plants and leaves of WT and lses1 at the different growth stages. Phenotypes of the plants of WT
and lses1 at the third-leaf stage (left), scale bar is 1 cm; Phenotypes of the second leaves from the top of
WT and lses1 seedlings at the sixth-leaf stage (mid), scale bar is 5 cm; Phenotypes of the plants of WT
and lses1 at the tillering stage (right), scale bar is 10 cm. B, Starch contents (left) and I2-KI staining (right)
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of the leaves of WT and lses1. ED, sampling at the end of the day; EN, sampling at the end of the night. 1,
2 and 3 represent the �rst, second and third leaves from the top of seedlings at the sixth leaf stage,
respectively. C, Contents of ROS and chlorophyll and activities of protective enzymes in the leaves of wild-
type (WT) and lses1 mutant (MT) plants. Error bars represent the standard deviations of three biological
replicates. *, ** and *** signi�cant difference at P<0.05, P<0.01 and P<0.001, respectively.

Figure 2
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Identi�cation and analysis of DEGs (differentially expressed genes) expressed in clusters between the
wild type (WT) and the lses1 mutant. A, The ratio of reads in the transcriptome. C1-C3, wild-type repeats
1-3; D1-D3, lses1 mutant repeats 1-3. B, Statistical results of the DEGs. C, Heatmap of the DEGs. C1-C3,
wild-type repeats 1-3; D1-D3, lses1 mutant repeats 1-3; I and II represent clusters I and II with similar gene
expression patterns, respectively. D, GO-BP enrichment analysis of DEGs from the two clusters. The top
15 GO categories of each cluster are shown.

Figure 3



Page 24/26

Identi�cation and analysis of DEPs (differentially expressed proteins) between the wild type (WT) and the
lses1 mutant. A, Distribution of peptide length and number in the whole proteome. B, Statistical results of
the DEPs. C, GO enrichment analysis of the DEPs. The top 10 GO functional subcategories of the three
main categories are shown.

Figure 4
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Functional cluster analyses of the PPI (protein-protein interaction) network. A, Four functional clusters
distinguished from the PPI network. Red dots represent upregulated proteins, and green dots represent
downregulated proteins. B, GO-BP enrichment analyses of proteins in each of 4 clusters. The bar graph
shows the top 10 GO categories in each cluster.

Figure 5

Schematic presentation of metabolic regulation mediated by differentially abundant genes/proteins in
the lses1 mutant (not all the identi�ed genes/proteins are included). The genes/proteins marked red were
regulated in lses1, purple square and green circle indicate transcript and protein abundance, respectively,
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“+” represents upregulation, “-” represents downregulation. AGP-L: glucose-1-phosphate
adenylyltransferase large subunit; SSI: chloroplastic starch synthase; GBSSII: chloroplastic granule-bound
starch synthase II; SSS1: chloroplastic soluble starch synthase 1; BAM3: chloroplastic β-amylase 3;
MEX1: chloroplastic maltose excess protein 1-like; SUS: sucrose synthase; FRK: fructokinase-2; PFP-
ALPHA: pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit alpha; GAPC:
glyceraldehyde-3-phosphate dehydrogenase 1; PDC: pyruvate decarboxylase; PDHE1-A/B: pyruvate
dehydrogenase E1 component subunit; PK: cytosolic pyruvate kinase isozyme; ADH1: alcohol
dehydrogenase 1; MDH: malate dehydrogenase; TPS3: trehalose-6-phosphate synthase 3; TRE: trehalase;
psaC: photosystem I iron-sulfur centre; CR7: cytochrome bc1 complex subunit; APX: L-ascorbate
peroxidase; AKR4: aldo-keto reductase; SGR: chloroplastic stay-green protein; CAO: chloroplastic
chlorophyllide a oxygenase; rccR: putative red chlorophyll catabolite reductase; ABCC3: ABC_transporter;
ALA1: phospholipid-transporting ATPase 1; nsLTP2: non-speci�c lipid-transfer protein 2; AO3: putative
aldehyde oxidase; APRT: adenine phosphoribosyltransferase form 2; KPR6: cyclin-dependent kinase
inhibitor 6; TET6: tetraspanin-6; ASR5: abscisic stress-ripening protein 5; PYL5: ABA receptor 5; SAPK3:
serine/threonine-protein kinase; ADPG: adenosine diphosphate glucose; UDPG: uridine diphosphate
glucose; DHAP: dihydroxyacetone phosphate; 1,3-DPG: 1,3-diphosphoglycerate; 3-PGA: 3-
phosphoglycerate; 2-PGA: 2-phosphoglycerate; PEP: phosphoenolpyruvate; AMP: adenosine
monophosphate. “→” indicates positive regulation, “-|” represents inhibition, and red “↑” indicates
increased content of metabolites determined by biochemical assays.
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