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Abstract

Seed of rice is an important strategic resource for ensuring the security of China’s staple food.
Seed deterioration as a result of senescence is a major problem during seed storage, which
can cause major economic losses. Screening among accessions in rice germplasm resources
for traits such as slow senescence and increased seed longevity during storage is, therefore,
of great significance. However, studies on delayed senescence in rice have been based
mostly on diploid rice seed to date. Despite better tolerance have been verified by the artificial
aging treatment for polyploid rice seed, the delayed senescence properties and delayed
senescence related regulatory mechanisms of polyploid rice seed are rarely reported, due to
the lack of polyploid rice materials with high seed set. High-throughput sequencing was
applied to systematically investigate variations in small RNAs, the degradome, and the prote-
ome between tetraploid and diploid rice seeds. Degradome sequencing analysis of micro-
RNAs showed that expression of miR-164d, which regulates genes encoding antioxidant
enzymes, was changed significantly, resulting in decreased miRNA-mediated cleavage of tar-
get genes in tetraploid rice. Comparisons of the expression levels of small RNAs (sSRNAs) in
the tetraploid and diploid libraries revealed that 12 sRNAs changed significantly, consistent
with the findings from degradome sequencing. Furthermore, proteomics also showed that
antioxidant enzymes were up-regulated in tetraploid rice seeds, relative to diploids.

Introduction

Rice (Oryza sativa L.) seed is the core of rice production, the “chip” of the rice industry. It is a
strategic resource to ensure food and ecological security. Rice is consumed by more than half
of the world’s population [1]. The economic losses caused by seed aging are immeasurable.
The delayed senescence ability of seed is associated directly with seed longevity. Therefore, fur-
ther elucidation of the delayed senescence mechanism in seeds is essential, as is improvement
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of the delayed senescence ability of rice seeds, both playing a key role in the rice seed industry
and agriculture. Seed vigor is an important, comprehensive index of seed quality, which is
evaluated in terms of seed germination, seedling growth potential, etc. Seed vigor reaches its
highest level during the physiological maturity period, from when it begins to decline irrevers-
ibly. This irreversible change is due to the process of seed senescence [2]. The use of artificial
aging methods has become a common method to investigate the mechanisms of seed senes-
cence, the influences of seed vigor, RNA integrity, DNA repair, etc. [3, 4]. The causes of seed
senescence are very complex, and include environmental factors, free radical damage, mito-
chondrial aging, lipase abnormalities, etc. [5-8]. The dynamic changes and regulatory mecha-
nisms of the rice seed senescence process have been widely researched. In the process of seed
senescence, mitochondria are damaged firstly, resulting in considerable accumulation of reac-
tive oxygen species (ROS). The role of mitochondria aging is a hot topic in seed senescence
research [2]. The phenomenon of seed senescence being associated with mitochondrial dam-
age has been confirmed in rice, maize, Arabidopsis, and other plants [9-11]. Wang reported
that high humidity significantly reduced the seed lifespan of ‘Huanghuazhan’ rice [12]. Dong
found that the quantitative trait locus (QTL) gene qSS6-1 was related to storage tolerance of
seeds [4]. Recent studies have shown that the microRNAs miR164c and miR168a can also reg-
ulate rice seed vigor [13]. The ability to tolerate senescence directly affects rice seed longevity.
Previous studies showed that polyploid rice had greater stress tolerance potential than diploid
rice, and also showed significant advantages in terms of drought and salt tolerance [14, 15].
However, research into rice delayed senescence is currently mostly based on diploid rice seed.
In spite of the greater tolerance potential exhibited by polyploid rice seed, the delayed senes-
cence properties and associated regulatory mechanisms in polyploid rice seed are rarely
reported.

Polyploidy is an important factor in plant evolution and has been used in the development
of new varieties in some crops. The increase in the ploidy level of polyploid rice, relative to dip-
loid rice, can not only increase the copy number of tolerance genes, increasing the range of
genetic variation, but can also increase the probability of achieving good gene combinations or
producing fertile hybrids from wide interspecific crosses, thus enhancing the adaptability of
rice to extreme environments [16, 17]. Polyploid rice breeding is a new way of breeding, which
has the potential to greatly increase rice yield, but the seed-setting rate of most polyploid rice
lines is less than 50% [18, 19]. Due to the lack of high-yielding polyploid rice accessions, there
have been few reports on delayed senescence characteristics of polyploid rice seeds. Polyploidy
rice has greater stress resistance and tolerance potential than diploid rice and has obvious
advantages in terms of drought tolerance, salt tolerance, and seed longevity [14, 15]. Polyploid
meiosis stability (PMeS) rice, with high seed set, has the double advantages of high yield and
stress tolerance, and is a uniquely valuable material on which to carry out stress physiology
research, including research into seed longevity [14, 15, 19]. The successful breeding of PMeS
has broken through the difficulty of low seed setting, which has hindered the research into
polyploid rice for decades. The hypothesis of gene balance holds that there is a change in gene
copy number (“gene dose”) in polyploids, although the abundance of gene products is not sim-
ply doubled or decreased. After polyploidization, interactions between genes form a complex
control network through gene dose balance, to maintain the dose balance between the proteins
encoded [20]. Artificial aging experiments on tetraploid and diploid rice seeds showed that the
germination rate, seedling growth rate, and antioxidant enzyme activity of tetraploid rice were
all significantly higher than those of their diploid rice parent, with polyploid rice having better
delayed senescence potential than diploid rice. Therefore, these near-isogenic diploid/tetra-
ploid lines are of great significance for analysis of the gene regulatory network involved in the
delayed senescence mechanism operating in tetraploid rice seed.
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As with other crops, seed senescence is one of the most important factors affecting rice
growth and yield. The control of low temperature, low humidity and good ventilation condi-
tions can ensure the safe storage of grain crop seeds. In order to satisfy the above-mentioned
conditions, we need to build some high standard seed storage facilities, which will consume a
lot of energy or resources. Improving the seed storability may be a cost-effective strategy.
Therefore, the creation of high-yielding storage-tolerant rice varieties is of great significance
for improving national food security and food safety in China and other countries dependent
on rice as a staple food crop. Recently, with the development of rice genomics research, the
functions of many genes have been identified experimentally [21]. It has been shown that plant
stress tolerance can be regulated by oxidative stress and DNA/RNA damage [22]. RNA is easily
degraded by ROS damage. A change in mRNA steady-state level may be caused by transcrip-
tional regulation of mRNA degradation, and it has been confirmed that mRNA stability is
directly related to stress tolerance [23]. With the destruction of RNA integrity, the function of
RNA transport and signal transduction will be lost, and the ability of RNA to regulate protein
synthesis will also decrease. The key reason for the decrease in seed germination rate is the lim-
ited expression of some genes related to germination [24-27]. Margaret et al. studied the seed
vigor of soybean seeds which were stored dry at 5°C for 27 years, the results showing that the
RNA integrity of seeds decreased gradually with increased duration of storage time, and
showed a significant positive correlation with seed aging tolerance [28].

MicroRNAs (miRNAs) are 20 to 24 nt noncoding RNAs that regulate transcript expression
by targeting mRNAs for cleavage or translational repression [29]. In plants, primary miRNAs
are transcribed by RNA polymerase II and then processed by Dicer-like (DCL) proteins into
precursors (pre-miRNA) with stem-loop structures [30]. The mature miRNAs are incorpo-
rated into the RNA-induced silencing complex (RISC) to target specific mRNAs and hence to
down-regulate the expression of the target mRNAs [31]. Increasing evidence indicates that
miRNAs have an influential role in numerous processes in plants, including development, abi-
otic stress tolerance, nutrient starvation response, and metabolism [32]. Previous studies indi-
cated that seeds of different rice genotypes differ in their gene expression profiles during the
aging process.

Integrating high-throughput sequencing and quantitative proteomics analyses will promote
a more complete understanding of the molecular mechanisms underlying the involvement of
specific genes in tetraploid and diploid rice seeds during the aging process. A pair of near-iso-
genic tetraploid and diploid rice accessions were used to study potential delayed senescence
miRNAs and their target genes in rice seeds. Two libraries of small RNAs (sRNAs) were con-
structed from tetraploid or diploid rice, and then sequenced using the Illumina sequencing
platform. Degradome sequencing was applied to directly detect cleaved miRNA targets at a
global transcriptome level in diploid and tetraploid rice. The joint analysis of the proteomic,
the miRNA and the degradome sequencing results may provide a more powerful explanation
for a delayed senescence network in tetraploid rice seed. Analysis of molecular function regula-
tion at the level of sSRNAs, target genes, and proteins, may provide the foundation for under-
standing the delayed senescence and storage response mechanisms in tetraploid, relative to
diploid, rice seed.

Materials and methods
Rice seed

Seed of indica rice (Oryza sativa ssp. indica) accessions 9311-2x and 9311-4x were selected as
the experimental materials. Accession 9311-2x is a conventional diploid rice, whereas 9311-4x
is a derivative of 9311-2x, using tissue culture and colchicine induction to induce chromosome
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doubling to form tetraploid rice. In November 2016, field planting was carried out at the South
breeding base of Hubei University in Lingshui County, Hainan Province, China. The seed
from each accession was harvested and collected in May 2017, stored in a -20°C refrigerator,
following outdoor drying.

Artificial aging treatment of rice seed and assessment of seed vigor

The artificial aging treatment parameters were 45°C, 85% RH for an aging period of 24 d in
dark. Seed of indica rice (Oryza sativa ssp. indica) accessions 9311-2x and 9311-4x. Each acces-
sion of 3000 seeds were artificially aged. 300 seeds were taken out from each group every 96
hours. 100 seeds were put into the biochemical incubator (6000 Ix of light, 30°C) for quantifi-
cation of each germination variable, namely germination rate, germination index, growth
potential and vigor index. Twenty seeds for antioxidant enzyme activity assessment. The
remaining seeds were put into—80°C refrigerator for molecular biology research.

Germination rate (%) = number of seeds normally germinated x 100/ number of seeds
tested

Germination index (GI) = XGT/DT, where: GT refers to the number of days to germination
after seed soaking; DT refers to the corresponding number of days to germination;

To measure seedling growth potential, the seeds were germinated and grown in the bio-
chemical incubator for 7 d, and the length of the first leaf was measured

Vigor index (VI) = s x GI, where: s stands for seedling growth (length or weight).

RNA extraction and assessment of RNA integrity

Six samples of rice seeds (three biological replicates of each of rice accessions 9311-2x and
9311-4x) were ground with liquid nitrogen. After grinding, total RNA was isolated and puri-
fied from each sample, using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the
manufacturer’s procedure. The amount and purity of the RNA from each sample was quanti-
fied using a NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA).
The RNA integrity was assessed using an Agilent 2100 Bioanalyzer System (California, USA).
To assess rRNA integrity, 1 ug RNA was electrophoresed on 1.5% agarose gel, stained with
ethidium bromide [33], and visualized, and the intensities of the 28S and 18S rRNA bands
were quantified after image analysis.

Degradome and small RNA library construction and sequencing

Poly(A) RNA was purified from total plant mRNA (20 pg), using poly-T oligo-attached mag-
netic beads using two rounds of purification. Because the 3’ cleavage product of the mRNA
contains a 5'-monophosphate, the 5" adapters were ligated to the 5" end of the 3’ cleavage prod-
uct of the mRNA by the RNA ligase. The next step was reverse transcription to make the first
strand of cDNA with a 3’'-adapter random primer, and size selection was performed with
AMPure XP beads (Beckman, USA). Then, the cDNA was amplified by PCR under the follow-
ing conditions: initial denaturation at 95°C for 3 min, 15 cycles of denaturation at 98°C for 15
s, annealing at 60°C for 15 s, and extension at 72°C for 30 s, before a final extension at 72°C
for 5 min. The average insert size for the final cDNA library was 200-400 bp. Finally, we per-
formed the 50-bp single-end sequencing on an Illumina HiSeq 2500 (LC Bio, China) following
the vendor’s recommended protocol. Small RNA (sRNA) libraries were constructed from the
six samples. The SRNAs ranged in size from 18 nt to 30 nt and were purified from total RNA
and ligated to 5" and 3’ RNA adapters. These RN As were reverse-transcribed into cDNAs and
then amplified by PCR to obtain sufficient product for sequencing. Finally, the PCR products
were subjected to Illumina sequencing at Lianchuan Co., Ltd., Hangzhou, China.
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Protein isolation, proteolysis, and TMT labeling

Rice seeds were ground into powder in liquid nitrogen, using a lysis buffer (Roche). The result-
ing samples were then ultrasonically disrupted for the extraction of total protein. After centri-
fugation at 10,000 x g for 30 min at 4°C, the supernatant from each extract was collected, and
protein concentrations were determined using an enhanced BCA (bicinchoninic acid) Protein
Assay Kit (P0010; Beyotime Biotechnologies, Ltd., Beijing, China), according to the manufac-
turer’s instructions. Each protein sample (200 pg) was mixed with DL-dithiothreitol and alkyl-
ated with iodoacetamide, and then digested with trypsin overnight at a trypsin-to-protein ratio
of 1:100. After trypsin digestion, the peptide mixture was desalted by elution from a Strata-X
C18 SPE column (Phenomenex, USA) and vacuum dried. The peptides were reconstituted in
0.5 M triethylammonium bicarbonate (TEAB) buffer and processed according to the manufac-
turer’s protocol for the Tandem Mass Tag (TMT) kit. Briefly, one unit of TMT reagent was
thawed and reconstituted in acetonitrile (ACN). The peptide mixture was then incubated with
the TMT reagent for 2 h at room temperature and pooled, desalted on a C18 SPE column, and
dried by vacuum centrifugation.

Liquid Chromatography-Tandem Mass Spectrometry (LC- MS/MS)
analysis

Eluted fractions were lyophilized using a centrifugal speed vacuum concentrator (CentriVap®
Complete Vacuum Concentrator; Labconco, Kansas City, MO, USA) and dissolved in 0.1%
formic acid. Equivalent amounts of peptides from each fraction were mixed and then subjected
to reversed-phase nanoflow LC-MS/MS analysis using a high-performance liquid chromatog-
raphy system (EASY-nLC™; Thermo Fisher Scientific, USA), connected to a hybrid quadru-
pole/time-of-flight mass spectrometer equipped with a nano-electrospray ion source. The
peptides were separated on a C18 analytical reverse-phase column with gradients of Solution
A (0.1% formic acid in water) and Solution B (0.1% formic acid in ACN). A full MS scan was
conducted using a Q Exactive™ mass spectrometer (Thermo Fisher Scientific, USA).

Database search and protein identification and quantification

For peptide identification and quantification, MS/MS data were searched for against the
assembly file, using the Mascot 2.2 and Proteome Discoverer™ 1.4 software (Thermo Fisher
Scientific, USA). A unique protein, with at least two unique peptides that had a false discovery
rate (FDR) <0.0160, was used for data analysis. Protein quantification was based on the total
intensity of the assigned peptides. The average of eight labeled sample mixes was used as a ref-
erence and was based on the weighted average of the intensity of reported ions in each peptide
identified. The final protein ratios were normalized to the median average protein content of
the 8plex samples. Fold change values (FC) > 1.2 for upregulated or FC < 0.83 for downregu-
lated proteins were set as the threshold for identifying differentially expressed proteins.

Bioinformatics analysis

After the removal of low-quality tags, 3’ adapters and adapter-adapter ligation products, clean
tags ranging from 18 to 30 nt were obtained. These SRNAs were annotated into different clas-
ses such as rRNA, tRNA, small nuclear RNA (snRNA) and small nucleolar RNA (snoRNA), as
mapped to Rfam (http://rfam.sanger.ac.uk/) and NCBI (http://www.ncbinlm.nih.gov/) data-
bases. Known microRNAs (miRNAs) were searched for by comparing SRNA tags with the
miRbase 20 database with a nearly perfect match (mismatch < 2). The remaining sequences
were mapped to the genome of rice (O. sativa) with a perfect match to obtain their precursor
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sequences. To identify the putative precursors, ~450-nt fragments were extracted by extending
200 nt from the two ends of the SRNA mapping loci, respectively. The secondary structure was
predicted by the MIREAP (https://www.mireap.net/) program and the minimum free energy
was set below -20 kcal mol " as required. In addition, the miRNA and miRNA pairs should
satisfy the requirement of the 2-nt overhangs on the 3 end.

Determination of antioxidant enzyme activities in rice seeds

Superoxide dismutase (SOD) activity was determined by the spectrophotometric nitroblue tet-
razolium (NBT) method. Peroxidase (POD) activity was determined by the guaiacol method
and catalase (CAT) activity was determined by UV spectrophotometry [34].

Extraction of enzyme solution: Take 0.1g rice seed, add 1ml 0.05mol/l phosphate buffer
(pH = 7.8), then grind in ice bath and centrifugal treatment at 10000 rpm/min for 20 min, the
supernatant should preserved at 4°C for use.

Determination of superoxide dismutase (SOD) activity: Take 200ul enzyme solution, add
3ml 0.05mol/L phosphate buffer (pH 7.8), 600ul 130mmol/L methionine solution, 600yl
750umol/L nitro-blue tetrazolium(NBT) solution, 600l 100 pmol/L riboflavin solution, 600ul
100pumol/L EDTA-Naz2 solution, and reacted for 20 min under 4000Ix of light. The absorbance
was measured at 560nm by spectrophotometer.

Determination of catalase (CAT) activity: Take 50 ul enzyme solution and 2ml 0.1mol/lpho-
sphate buffer (pH = 7.0), 25°C water bath for 5min, add 0.5ml 0.1mol/l H202, vortex mixed,
The enzyme activity was measured at 240nm and read every 20s for 3 times. The absorbance
change value per minute (AA240/min-g FW) was used to represent the enzyme activity.

Determination of peroxidase (POD) activity: Take 20 pl enzyme solution and 2ml 0.3%
guaiacol, 30°C water bath for 5min, 1ml of 0.3% H202 was added, and vortex mixed. The
enzyme activity was measured at 470 nm and read every 20s for 3 times. The absorbance
change value per minute (A A470/min-gFW) was used to represent the enzyme activity.

Determination of malondialdehyde content in rice seeds

Malondialdehyde was extracted using trichloroacetic acid solution and reacted with thiobarbi-
turic acid (TBA) to form a pink compound. The absorbance value at 532 nm was measured
with a spectrophotometer and compared with the absorbances of a calibration series.

Statistical analysis

Data processing was carried out by Excel, SPSS Statistics 25.0 (IBM, Armonk, NY, USA), and
the R language package. Each experiment was repeated three times. The one-way analysis of
variance or unpaired t-test was used to test statistical significance between groups. Data are
presented as the least squares means + standard error of the mean (SEM). Differences were
considered significant at the p < 0.05 level.

Results

Assessment of response of 9311-2x and 9311-4x to artificial aging
treatment

The germination experiments were carried out for seed of indica rice accessions 9311-2x and
9311-4x, subjected to artificial aging. Observations were carried out and recorded every 24 h.
On the seventh day, indexes of germination rate, germination index, growth potential, and
vigor index were determined (Fig 1). The effect of the two ploidy level rice accessions, with
respect to vigor index, growth potential, and germination index over the duration of the
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artificial aging treatment, was basically the same as that of the germination rate. The germina-
tion ability of rice seeds decreased with the duration of aging. At0d, 4 d, 8 d, and 12 d, the ger-
mination percentage and the germination index of 9311-4x was lower than that of 9311-2x.
Meanwhile, the vigor index of 9311-4x was lower than that of 9311-2x at 0 d and 4 d. After 24
days of artificial aging treatment, the germination rate of both accessions had decreased
markedly. However, the values for 9311-4x were higher than those of 9311-2x after 16 d, 20 d,
and 24 d. It was considered that seed of the tetraploid rice accession 9311-4x had greater stor-
ability than that of the diploid accession as the duration of aging increased.

The RNA Integrity Number (RIN) of rice seed for accessions 9311-2x and
9311-4x during artificial seed aging treatment

During the process of the artificial aging treatment, the RIN was determined and it was found
that, at the beginning of the artificial aging treatment, the RIN for 9311-4x seeds was 7.8, and
the RNA peak area of 18S and 25S accounted for 35.1% (Fig 2A). After 12 d of artificial aging,
the RIN had decreased to 6.6, and the proportion of the RNA peak area attributable to 18S and
258 had decreased to 20.6% (Fig 2B). On the other hand, the RIN of accession 9311-2x at the
start of artificial aging was 6.7, and the area of 18S and 255 RNA peaks accounted for 21.9% (Fig
2C). After artificial aging for 12 days, the RIN had decreased to 6.6, and the proportion of RNA
peak area of 18S and 25S decreased to 18.7% (Fig 2D). It was clear that, as aging progressed, the
RIN was higher for 9311-4x than for 9311-2x, with artificial aging leading to a decrease in RIN,
as well as an increase in sSRNA peak area and in RNA degradation. RNA integrity was positively
correlated with the germination rate of rice seeds, especially after 12 days of artificial aging, at
which point the RIN decreased rapidly, and the germination rate also decreased rapidly. The
rates of decrease of RIN and germination rate in rice seed 9311-4x were slower than those in
9311-2x (Fig 3). These data allowed the proposal of an experimental hypothesis that the RIN
was positively correlated with seed vigor, with the seed vigor of 9311-4x being higher than that
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Fig 2. The percentage of maximum RNA fluorescence (FU) during artificial aging for diploid and tetraploid rice seed. (a) Rice seed
of 9311-4x, at the beginning of artificial aging. (b) Rice seed of 9311-4x, after 12 days artificial aging. (c) Rice seed of 9311-2x, at the
beginning of artificial aging. (d) Rice seed of 9311-4x, after 12 days artificial aging.

https://doi.org/10.1371/journal.pone.0242260.9002

of 9311-2x. In the following experiment, we focused on RNA integrity by omics analysis, to
investigate the relationship between seed vigor and RNA damage in rice seeds.

Overview of SRNA sequencing results

To identify miRNAs from diploid and tetraploid rice seeds, two sRNA libraries were con-
structed. Raw sRNA sequencing reads have been deposited at NCBI (https://www.ebi.ac.uk/).
After removing the low quality sequences, adapters, and sequences smaller than 16 nt or larger
than 30 nt, 28,117,969 clean reads in 9311-2x and 30,297,197 clean reads in 9311-4x were
obtained. Analysis of the length distribution of unique sSRNA reads showed that the two librar-
ies contained similar data, with the 21-nt sSRNAs being the most abundant for both accessions,
and this result was consistent with previous studies in O. sativa [35] (Fig 4).

We mapped the unique sSRNAs onto miRBase 20 to identify the known miRNAs based on
the criterion of mismatch < 2. As a result, 40 known and 58 novel miRNAs were identified;
the miRNA ID and the corresponding sequences were shown in S1 Table. miRNAs were
mapped onto the genome sequences of O. sativa to discover their precursors and to determine
their locations on specific rice chromosomes. As a result, 98 precursors were discovered,
including 40 conserved miRNA precursors and 58 novel miRNA precursors (S2 Table).

To identify the miRNAs which were differentially expressed between 9311-2x and 9311-4x,
the expression abundance of all the known miRNAs was compared using the P-value based on
the filter parameter of fold change >1.2 and FDR for P-value <0.05, after being subjected to
TPM normalization. As a result, a total of 12 miRNAs showed differential expression between
9311-4x and 9311-2x (Table 1). Of these, three miRNAs were downregulated in the tetraploid
group, compared with the diploid group. Osa-miR164d, a miRNA which interact with the rice
gene which encodes Cu-Zn superoxide dismutase, was down-regulated in 9311-4x (Table 1).
MiR164d target four genes, including Os02g0579000, Os06g0675600, Os12g0610600, and
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Table 1. Significantly differently expressed miRNAs in rice seed of 9311-4x versus 9311-2x.

miRNA_ID FDR®_value Real FC®

gi_996703422_ref NC_029266.1__3523 0.0000008038 4.728999641
gi_996703422_ref NC_029266.1__3595 0.0000008038 4.728999641
gi_996703422_ref NC_029266.1__3794 0.0091749584 4.683065799
gi_996703425_ref NC_029263.1__42715 0.0003916623 3.279495851
osa-miR1846a-3p 0.0000000000 107.4091294
osa-miR1846a-5p 0.0000043374 4310692117
osa-miR1862e 0.0068048035 2.830525006
o0sa-miR398b 0.0000000006 5.838129791
osa-miR528-5p 0.0012456922 3.026913983
gi_996703424_ref_NC_029264.1__46071 0.0121510891 0.239273938
osa-miR164d 0.0000007643 0.222099337
osa-miR18610 0.0278668798 0.333805444

*FDR, false discovery rate <0.05.
YEC, log,FC (9311-4x expression/9311-2x expression for a gene)>1 or log,FC<-1.

https://doi.org/10.1371/journal.pone.0242260.t001

0s04g0460600. The interaction analysis shows that gene Os12g0610600 (OsJ_36832) interact
with gene Os04g0573200 (CCS), copper chaperone for superoxide dismutase, chloroplastic-
like [Oryza sativa Japonica Group (Japanese rice)]. Further analysis shows that gene
0s04g0573200 (CCS) interact with gene 0s03g0219200 (OS03T0219200-01), Os06g0143000
(0S06T0143000-01), Os06g0115400 (Os]_19901), Os05g0323900(SODA), Os03g0351500
(SODCC1), 0s07g0665200 (SODCC2), 0S08g0561700(SODCP). These genes are involved in the
regulation of antioxidant enzymes. According to the above analysis, it is suggested that miR164d
interacts with antioxidant enzyme genes through its target gene Os12g0610600 (Os]_36832).

Target prediction of miRNAs and validation by degradome sequencing

Two degradome libraries were constructed with a balanced mix of RNAs from the three bio-
logical replicate samples of each accession. The degradome library sequencing yielded
22,150,505 and 20,490,420 raw reads in 9311-2x and 9311-4x, respectively. After removing the
low quality reads, 5’ and 3’ adapter contaminants, and reads smaller than 18 nt, 22,089,602
and 20,429,819 clean reads were obtained, consisting of 5,249,511 and 4,680,655 unique map-
pable reads for 9311-2x and 9311-4x, respectively. Among these unique mappable reads,
395,259 and 686,180 reads were perfectly matched to the transcripts of rice, with unique
mapped ratios of 7.49% and 14.58% for 9311-2x and 9311-4x, respectively (Table 2).

Finally, 38 target genes for 1864 miRNAs were identified, in terms of differential degrada-
tion fragments of the transcriptome. Based on the abundance of degradome tags at the target
sites, these cleaved targets are listed in S3 Table.

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that
RNA degradation, peroxisome-associated functions, and plant hormone signal transduction
were the most enriched pathways in the two rice accessions (Fig 5). Among them, we found
that cleavages of target transcripts of Osa-miR164d were detected with significant differences
between diploid and tetraploid accessions. Degraded fragments of miR164d targets were
detected by degradome sequencing in tetraploid rice seed, whereas we did not find fragments
of miR164 targets in diploid rice seed. Osa-miR164d may be involved in molecular regulation
of delayed senescence for rice seed by regulating the differential expression of targeted genes.
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Table 2. Quality evaluation for degradome sequencing data.

Sample

Raw reads

Reads < 15 nt after removing 3 adapters

Mappable reads

Unique raw reads

Unique reads<15nt after removing 3 adapters
Unique mappable reads

Transcript mapped reads

Unique transcript mapped reads

Number of input transcripts

Number of covered transcripts

https://doi.org/10.1371/journal.pone.0242260.t002

9311-2x (number) |9311-2x (ratio) |9311-4x (number) |9311-4x (ratio) |Total (number) |Total (ratio)

22150505 / 20490420 / 42640925 /
60903 0.27% 60601 0.30% 121504 0.28%
22089602 99.73% 20429819 99.70% 42519421 99.72%
5275288 / 4704761 / 8797333 /
25777 0.49% 24106 0.51% 43977 0.50%
5249511 99.51% 4680655 99.49% 8753356 99.50%
2579573 11.65% 5143435 25.10% 7723008 18.11%
395259 7.49% 686180 14.58% 950717 10.81%
43891 / 43891 / 43891 /

17679 40.28% 19843 45.21% 21106 48.09%

Changes in the transcription of genes related to antioxidant enzymes

Relative expression levels of superoxide dismutase (SOD), catalase (CAT) and peroxidase
(POD) genes in seeds of rice accessions 9311-4x and 9311-2x were evaluated by qPCR (Fig 6).
The results showed that the relative expression levels of SOD, CAT and POD genes were all
up-regulated in 9311-4x, relative to 9311-2x. Os03g0131200 for catalase-1 was significantly
upregulated, as were Os06g0547400 for peroxidase-P7, Os03g0343500 for [Cu-Zn] superoxide
dismutase and Os06g0143000 for chloroplast-associated [Fe] superoxide dismutase. The
expression of these genes was regulated by sSRNAs, and the difference in gene expression
between 9311-4x and 9311-2x was consistent with the levels of miRNA-164d.

Integrated miRNA and protein sequencing analysis

In combination with the results of miRNA sequencing and degradome sequencing, we ana-
lyzed the relationship between differently expressed miRNAs and the expression of their target
genes. Degraded fragments of Osa-miR164d were upregulated in tetraploid rice seeds, which
suggested that Osa-miR164d might be downregulated in the tetraploid group. The expression
of miR164d was significantly downregulated (log2FC = 5.83) in the tetraploid accession, a
finding which was in agreement with the downregulation of Osa-miR164d in this same
accession.

In order to determine whether the expression level of different genes ultimately reflected
the difference in protein expression, tandem mass tag (TMT) technology was used to identify
the protein expression associated with the miRNA targets. The copper/zinc superoxide dis-
mutase 1, copper/zinc superoxide dismutase 2, and catalase isozyme A were all identified as
differentially expressed proteins (DEPs) (Table 3). Catalase isozyme A (Protein accession:
XP_015625395.1), a member of the catalase family, was the most differentially expressed pro-
tein (FC = 1.9) between the two rice accessions. Furthermore, copper/zinc superoxide dismut-
ase 1, and copper/zinc superoxide dismutase 2 were both upregulated in tetraploid rice seeds,
although not significantly so, with similar findings for peroxidase P7 (Protein accession:
XP_015626941.1) and peroxidase 16 (Protein accession: XP_015640929.1) (log2FC = 1.2).

Comparison of antioxidant enzyme activities in diploid and tetraploid rice
seeds

The enzyme activity of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)
(Fig 7) was tested in both the tetraploid rice 9311-4x and the conventional diploid rice 9311-
2x, the results showing that the activities of these antioxidant enzymes in the seeds of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0242260 November 13, 2020 11/21


https://doi.org/10.1371/journal.pone.0242260.t002
https://doi.org/10.1371/journal.pone.0242260

PLOS ONE

Integration of small RNA, degradome and proteome sequencing in Oryza sativa

Statistics of Pathway Enrichment

Synthesis and degradation of ketone bodies - e
RNA polymerase - &)
RNA degradation - .
Ribosome - O

Pyrimidine metabolism -

Purine metabolism - pvall.:eoo
Protein processing in endoplasmic reticulum - 28] 0.75
Plant hormone signal transduction - ‘ B | 5
E Peroxisome - . i 0-25
() '
; Pentose phosphate pathway - e
©
E Pentose and glucuronate interconversions - S gene number
@©
o Oxidative phosphorylation - @] e 0
1
Other glycan degradation - @ ®
[ )]
mRNA surveillance pathway - .
3
Glycolysis / Gluconeogenesis - ® . 4

Galactose metabolism- e

Fructose and mannose metabolism-
Fatty acid elongation- e

Fatty acid biosynthesis - e

Ascorbate and aldarate metabolism- e

0.0 01 0.2
Rich factor

Fig 5. KEGG pathway enrichment results of different miRNAs.
https://doi.org/10.1371/journal.pone.0242260.g005

tetraploid rice were significantly higher than those of the near-isogenic diploid rice. This trend
of antioxidant enzyme activity was consistent with that of the expression of the corresponding
antioxidant enzyme regulatory genes and sSRNAs. At the same time, the content of malondial-
dehyde in different seeds was analyzed (Fig 7). The results showed that the content of malon-
dialdehyde, a product of peroxidation of lipids by ROS, was significant higher in diploid rice
seeds than that in tetraploid rice seeds, a response which was negatively correlated (r =
-0.8927) with the activity of antioxidant enzymes. Therefore, it appears that the increase in
antioxidant enzyme activity in tetraploid rice played a positive role in improving the senes-
cence tolerance of tetraploid rice seeds.

ABA induces seed dormancy and inhibits seed germination. The expression of gene
OsNCED3 (0s03g0645900) was consistent with the change trend of endogenous ABA content.
The gene OsABA80x2 (Os08g0472800) is invovled in ABA catabolic pathways. The relative
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expression of genes OsNCED3 and OxABA80x2 (Fig 8) were checked, with the result showing
that the 9311-4x rice seeds possessed higher abscisic acid (ABA) synthesis potential and weaker
ABA degradation potential than did 9311-2x. As a result, 9311-4 may be in deep dormancy
state. Quantitative PCR experiments showed that expression of four genes involved in the syn-
thesis of gibberellins, OsCPS1, OsKO2, OsKS1I and OsGA20, was upregulated after chromo-
some doubling treatment, which indicated that the tetraploid rice seeds had greater
germination potential than the corresponding diploid.

Discussion
Effect of artificial aging on rice seed and RNA integrity

Seed vigor is determined during the dehydration stage of seed development, and the accumu-
lation of nutrient storage material is the basis of seed vigor formation [36, 37]. As the seed
matures, the germination rate and vigor of the seed gradually increase and reach a peak at the
physiological maturity stage. At this time, both the germination rate and vigor of the seed are
at their highest. Seed vigor is affected by genetics, environmental conditions during seed devel-
opment [38, 39] and storage conditions [40]. In the current study, the use of artificial aging
and omics analysis revealed that the tetraploid rice seeds had delayed senescence ability than
did seeds of the corresponding diploid accession. From germination data and omics data, the
tetraploid accession exhibited greater seed vigor as the senescence period increased, suggesting
that the greater senescence tolerance may be caused by key gene regulation.

Seed senescence is a complex biological progress, involving both quantitative and qualita-
tive changes [41]. After harvesting, the physiological and biochemical status of the seed
changes with the storage duration, including changes in membrane structure and function,
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Table 3. Functional classifications of identified antioxidant enzyme proteins with significantly altered expression in rice seed 9311-4x versus 9311-2x.

Protein Protein description Ratio® | Pvalue | MW [kDa] | Cov.c [%] No.pd
accession
XP_015625395.1 | catalase isozyme A [Oryza sativa japonica Group] 1.914 | 0.00000314 | 56.697 26 9
XP_015629749.1 | catalase-1 [Oryza sativa Japonica Group] 1.093 | 0.13363700 | 56.763 15.9 5
XP_015643077.1 | catalase isozyme B [Oryza sativa Japonica Group] 0.973 | 0.23392000 | 56.586 31.7 9
XP_015615485.1 | probable glutathione peroxidase 2 [Oryza sativa Japonica Group] 1.346 | 0.00073516 | 22.935 15.1 3
XP_015622358.1 | peroxidase 24 [Oryza sativa Japonica Group] 0.773 | 0.00041692 | 33.928 8.3 2
XP_015622746.1 | probable phospholipid hydroperoxide glutathione peroxidase [Oryza sativa Japonica 0.958 | 0.04789600 | 25.838 39.5 6
Group]
XP_015626941.1 | peroxidase P7 [Oryza sativa Japonica Group] 1.184 | 0.03456000 | 34.61 4.1 1
XP_015628314.1 | peroxidase 35 [Oryza sativa Japonica Group] 0.884 | 0.00427820 | 33.956 20.4 6
XP_015630498.1 | L-ascorbate peroxidase 1, cytosolic [Oryza sativa Japonica Group] 0.939 | 0.05041800 | 27.155 41.2 7
XP_015632791.1 | probable glutathione peroxidase 4 [Oryza sativa Japonica Group] / / 19.234 21.3 3
XP_015635542.1 | cationic peroxidase SPC4 isoform X2 [Oryza sativa Japonica Group] / / 36.503 7.3 2
XP_015635863.1 | probable L-ascorbate peroxidase 7, chloroplastic [Oryza sativa Japonica Group] 0.987 |0.72818000 | 38.325 18.7 4
XP_015635940.1 | probable phospholipid hydroperoxide glutathione peroxidase [Oryza sativa Japonica 0.727 |0.00011714 | 18.483 44.6 6
Group]
XP_015637252.1 | cationic peroxidase SPC4 [Oryza sativa Japonica Group] 0.81 | 0.02661900 | 36.032 3.3 1
XP_015640929.1 | peroxidase 16 [Oryza sativa Japonica Group] 1.173 | 0.00049573 | 36.065 10.1 2
XP_015646556.1 | L-ascorbate peroxidase 2, cytosolic [Oryza sativa Japonica Group] 0.826 | 0.00207980 | 27.117 21.1 3
XP_015650808.1 | probable L-ascorbate peroxidase 4, peroxisomal [Oryza sativa Japonica Group] 0.931 |0.01002090 | 31.738 34.7 10
XP_015632609.1 | superoxide dismutase [Cu-Zn] 1 [Oryza sativa Japonica Group] 0.745 | 0.34 15.251 53.3 3
XP_015640127.1 | superoxide dismutase [Mn], mitochondrial [Oryza sativa Japonica Group] 1.112 | 0.01 24.997 48.5 8
XP_015647771.1 | superoxide dismutase [Cu-Zn] 2 [Oryza sativa Japonica Group] 0.896 | 0.05 15.081 46.7 2

“Ratio between intensities of differentially expressed antioxidant enzyme protein in rice seed 9311-4x versus 9311-2x.

®Molecular mass of the proteins.

“Percentage of the protein sequence covered by matched peptides.

“Number of matched unique peptides identified for each protein.

https://doi.org/10.1371/journal.pone.0242260.t003

respiration, enzyme activity, synthesis capacity, storage material accumulation, levels of endog-
enous hormones, etc. [42]. The relative expression of the abscisic acid regulatory genes
OsNCED3 and OsABA80x2 (Fig 8) in the 9311-4x rice seeds correlated with a greater abscisic
acid synthesis ability and a weaker ABA degradation ability, which led to rice seeds entering a
deep dormancy state, which could be broken by temperature stimulation. The OsNCED3 gene
plays an important role in synthesis of ABA and in drought stress tolerance in rice [43-45],
whereas OsABA80x2 plays an important role in the degradation of ABA [43]. Quantitative
PCR experiments of the expression of OsCPS1, OsKO2, OsKS1 and OsGA20 genes in the three
stages of gibberellin synthesis [46-49] showed that the expression of germination stimulatory
genes was upregulated in the tetraploid rice, reflecting its higher germination potential.

Identification of senescence-related miRNAs and their targets by high-
throughput sequencing

The results showed that, with the increased duration of senescence time, the integrity of seed
RNA decreased gradually, a parameter which was positively correlated with seed vigor. There-
fore, it is of great significance to establish a rapid evaluation system of seed vigor based on the
RIN value, by comparing and analyzing the differences in RNA integrity between tetraploid
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Fig 7. Comparison of antioxidant enzyme activities and malondialdehyde (MDA) content between rice seeds of 9311-2x and 9311-
4x. (a) The enzyme activity of SOD; (b) the enzyme activity of CAT; (c) the enzyme activity of POD; (d) the content of malondialdehyde.
Values are the mean + SE.

https://doi.org/10.1371/journal.pone.0242260.9007

and diploid rice seeds. This present study aimed to clarify the function of the specific miRNA
and its targets during seed senescence between diploid and tetraploid rice. Finally, 40 known
miRNAs and 58 novel miRNAs were identified in diploid and tetraploid. Only a few rice
miRNA targets were identified experimentally, with the majority of miRNA targets being pre-
dicted using bioinformatics [50]. Degradome sequencing technology provides a powerful tool
with which to study the miRNA-target interactions at the transcriptome level [51]. A total of
38 miRNA was identified by degradome sequencing. Gene function annotation of conserved
miRNA targets showed that most of them were classified as transcription factors. Comparisons
of the expression levels of miRNAs in the diploid and tetraploid libraries revealed that 12 miR-
NAs, with a total of 332 target genes, changed significantly. Enrichment results showed that
these miRNAs, such as Osa-miR164d, had the functions of hormone signal transduction, per-
oxisome-associated proteins, and biosynthesis of secondary metabolites, and were significantly
more highly regulated in tetraploid rice than in diploid rice. A previous study had revealed
that the target of miR164 are members of NAC transcription factor gene family. miR164 was
involved in strawberry fruit senescence by negatively mediating the expression of NAC tran-
scription factors [52]. miR164-targeted NAC genes may be negative regulators of drought tol-
erance in rice [53]. Activation of the stress responses and antioxidant system through down-
regulating the expression of miR164, miR6260, miR5929, miR6214, miR3946 and miR3446
[54]. In this paper, miR164d targeted NAC gene interacts with antioxidant enzyme genes,
including copper chaperone for superoxide dismutase. It is suggested that miR164d may nega-
tively regulate antioxidant enzyme genes, thus delaying the senescence of rice seeds 9311-4x.
In our study, degradome libraries were constructed to identify miRNA targets, and transcrip-
tome sequencing was applied to confirm the regulatory relationship between miRNA and
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gibberellin (GA) synthesis in 9311-2x and 9311-4x rice. (a) OsABA80x2, gene regulating ABA degradation; (b) OsNCED3, gene for
ABA synthesis; (c) OsCPS1, gene for GA synthesis; (d) OsGA20, gene for GA synthesis; (e) OsKO2, gene for GA synthesis; (f) OsKS1,
gene for GA synthesis. Values are the means + SE.

https://doi.org/10.1371/journal.pone.0242260.9008

mRNA. Our results showed that miR164d was expressed at a lower level in tetraploid rice
seeds than in diploid rice seeds, a finding which was consistent with our results that tetraploid
rice seeds were more capable of withstanding senescence than diploid seeds.

Integrated analysis of miRNA, degradome sequencing, and protein
sequencing

Degradome sequencing was performed to confirm the identity of miRNA targets, and prote-
ome sequencing was used to identify the regulated pattern of miRNA targets. With a combina-
tion of multiple omics, a series of enzymes with antioxidant activity, targeted by Osa-miR164d,
were quantified. During senescence, peroxidases create a non-toxic environment by the mas-
sive production of ROS to prevent cellular diffusion of superoxide. Peroxidase P7 and peroxi-
dase 16 were identified as up-regulated proteins in tetraploid rice seeds. Peroxidase P7
functioned by removal of H,0,, oxidation of toxic reductants, biosynthesis and degradation of
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lignin, suberization, auxin catabolism, and response to environmental stresses, such as wound-
ing, pathogen attack, and oxidative stress [55-57]. Catalase isozyme A exhibited a marked
increase in expression of various classes of CAT proteins. The fold change value of catalase iso-
zyme A was significantly higher than those of other catalases and catalase isozymes. The upre-
gulation of catalase isozyme A in tetraploid rice can protect seeds from hyperoxidation. The
quantitative proteomics results were consistent with those from enzyme assays, which indicat-
ing that the quantitative proteome data were reliable.

The data indicated that antioxidant enzymes played a positive role in improving the toler-
ance to senescence of tetraploid rice seeds. In the process of long-term seed storage, seed senes-
cence, affected by seed chemical compound composition, storage conditions, and other
factors, will cause seed deterioration, resulting in a decline in seed vigor, accompanied by a
series of physiological and biochemical changes. It is generally believed that the cause of seed
deterioration is lipid peroxidation, caused by free radicals [58]. Free radicals and ROS have
strong oxidative effects. Some free radicals are free in the cell, leading to free radical chain reac-
tions, which lead to the peroxidation of unsaturated fatty acids on the membranes, causing the
destruction of the structure of the biological membrane, and a decrease in the content of pro-
tein, nucleic acid, and other biological macromolecules, leading to seed senescence and death.
In the process of seed senescence, when the balance between oxidants and antioxidants is
destroyed, the excess free radicals will lead to or aggravate the membrane lipid peroxidation,
and volatile acids, such as malonic acid, will cause damage to the cell membrane system, caus-
ing the metabolism disorder, and resulting in the rapid decline in seed vigor and even seed
death. Malondialdehyde is the product of membrane lipid peroxidation, which is the direct
expression of the degree of membrane peroxidation. The lower the content of MDA, the lower
the degree of membrane damage; conversely, seed vigor was positively correlated with antioxi-
dant enzyme activity, but was negatively correlated with MDA content [59].

In summary, the present study is the first attempt to integrate miRNA and protein expres-
sion, along with degradome analysis, to identify key regulatory miRNA-targets in rice during
the senescence. Data indicated that antioxidant enzyme activity may play an important role in
tolerating senescence by the regulation of miRNA-164d.

Conclusions

Seed senescence tolerance is of great importance to seed quality and grain production. Taking
tetraploid rice as the experimental material, the findings of the current study will provide a
new vision for the research into delayed senescence in rice seeds. To develop a better under-
standing of the molecular level variations among diploid and tetraploid rice seeds, we
sequenced the normal diploid seeds (9311-2x) and their near-isogenic tetraploid counterpart
seeds (9311-4x). The miRNA analysis led to the discovery of internal regulatory mechanisms
of transcript degradation between the diploid and tetraploid variants. Some miRNA families
and their targets, related to seed senescence, were identified by degradome sequencing and
proteomics sequencing. These results provide useful information for the study of miRNAs in
seed senescence miRNAs in rice. Further studies are required to identify these miRNAs and
their targets, using experimental strategies.
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