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Abstract

Rice seed development involves an intricate regulatory network that directly determines seed size and weight. Long noncoding
RNAs (IncRNAs) have been defined as key regulators of gene expression involved in diverse biological processes. However,
the function of INcRNAs in rice seed development is still poorly understood. We performed paired-end RNA sequencing of
Nipponbare rice at 5, 10 and 15 DPA (days post anthesis) in two different environments (early and middle-season rice). A
total of 382 IncRNAs were detected as differentially expressed among these stages, including 344 and 307 IncRNAs in early
and middle-season rice, respectively, and 70.42% (269 of 382) of the IncRNAs were found in both environments. The results
showed that environment had little effect on the expression of INCRNAs. Furthermore, there were 127, 172, and 31 DEIncs
(differentially expressed InNcRNAs) and 154, 140, and 59 DElIncs in early and middle-season rice, respectively, in comparisons
of 10_DPA vs 5 DPA, 15 DPA vs 5 DPA and 15 DPA vs 10_DPA. This result indicated that the number and expression
level of INCRNAs at 5 DAP were significantly different from those at 10 DAP and 15 DAP. Furthermore, GO pathway analysis
of cis target genes of DEIncs in 10_DPA vs 5 DPA and 15 _DPA vs 5 DPA revealed that the significant GO pathways were
extracellular region, nutrient reservoir activity and cell wall macromolecule catabolic process. Our study revealed dynamic
expression of INCRNAs in three stages and systematically explored the differences in InNCRNAs between early and middle-
season rice, which could provide a valuable resource for future high-yield breeding. © 2021 Friends Science Publishers
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Introduction

A large fraction of unexpected eukaryotic transcripts are
involved in important biological processes and have been
named long noncoding RNASs (IncRNAs) (Deng et al. 2018).
LncRNAs are transcripts that are greater than 200
nucleotides in length and have no protein coding potential
(Rinn and Chang 2012; Batista and Chang 2013). A large
portion of the genome of eukaryotes is transcribed into
noncoding RNA and noncoding sequences are far more
numerous than protein-coding genes (Derrien et al. 2012).
We now know that IncRNAs have different origins,
including the intronic and exonic regions of protein-coding
genes, as well as non-intergenic regions (Bonasio and
Shiekhattar 2014; Deng et al. 2018). It is becoming clear that
IncRNAs are involved in many significant biological
processes and pathways (Cech and Steitz 2014; Chen et al.
2018). Nevertheless, our understanding of the function of
IncRNAs at the molecular level is currently very incomplete
(Cech and Steitz 2014; Khemka et al. 2016; Zou et al. 2016).

In plants, InNcRNAs are involved in regulating diverse
biological processes, such as grain yield, flowering time,
and response to cold stress (Ariel et al. 2014; Bardou et al.
2014; Berry and Dean 2015; Kindgren et al. 2018). For
example, the utilization of the intron-derived IncRNA
COOLAIR during cold exposure cooperates with FLC
promoter-derived InNcRNA COLDWRAP to catalyze the
methylation of histone H3 at Lys27 (H3K27) and silence
FLC (Berry and Dean 2015; Zhao et al. 2018). A long
noncoding RNA antisense transcript overlapping OsSOC1
named Ef-cd (early flowering-completely dominant)
positively correlates with the expression of OsSOC1 and
H3K36me3 deposition involved in early flowering and high
yield (Fang et al. 2019). LAIR (LRK Antisense Intergenic
RNA) regulates several LRK genes by significantly
catalyzing H3K4me3 and H4K16ac in the LRK1 genomic
region, contributing to increased rice grain yield (Wang et
al. 2018). An overwhelmingly large fraction of well-
characterized plant IncRNAs with established functions
were researched in only a few model plants (Chen et al.
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2018; Deng et al. 2018; Wang et al. 2018). In contrast, the
regulatory mechanisms of IncRNAs in rice remain
fragmentary. Therefore, it is necessary to further investigate
the function of InNcRNAs in rice.

Rice (Oryza sativa L.) is a staple and important cereal
crop worldwide (Song et al. 2007). Seed size is an important
agronomic trait that affects potential yield, and it is
determined by three indicators: length, width and thickness.
Previous studies have identified several genes involved in
regulating grain size, grain weight and grain length (Mao et
al. 2010; Tong et al. 2012; Liu et al. 2017; Hu et al. 2018).
For example, GW5 encodes a calmodulin binding protein
and can physically interact with and repress glycogen
synthase kinase 2 (GSK2), which positively regulates the
brassinosteroid (BR)-responsive gene to increase rice yield
(Liu et al. 2017). GS3 is a major quantitative trait locus for
grain yield that can negatively regulate grain size and seed
size (Mao et al. 2010). OsGSK5 is a member of the
glycogen synthase kinase 3/shaggy-like family and can
interact with and phosphorylateauxin response factor 4
(OsARF4), which may be involved in regulating auxin-
responsive genes to affect rice yield (Hu et al. 2018). Seed
growth and development play a pivotal role in the
physiological process of seed maturation that directly
determines yield and quality (Finnie et al. 2002). The three
major components of the seed are the endosperm, embryo
and seed coat. The endosperm accounts for 85% of a mature
seed and contains a great deal of nutrition to support embryo
development and seed germination in angiosperms (Zhan et
al. 2015). As seeds are the reproductive organ of rice, it is of
great significance to elaborate the genetic networks that
regulate seed growth and development, and this could
provide a theoretical basis for increasing rice yield.

The function of INcCRNAs during seed development in
rice remains poorly understood. In this study, we used a
deep RNA sequencing (RNA-Seq) strategy to
comprehensively profile the InCcRNAs expressed during
early grain development, the grain filling stage and the
grain mature stage in two different environments (early and
middle-season rice), which could clarify the potential
functions of these IncRNAs in mediating seed
development.

Materials and Methods
Plant materials and growing conditions

The experiments all used Nipponbare (Oryza sativa). Rice
plants were cultivated in the experimental field of Jiangxi
Agricultural ~ University,  Jiangxi  Province, China
(28°45'36"N, 115°22'58"E), in the early (March to July) and
middle (May to September) seasons with a transplant
spacing of 13.3 cm x 26.7 cm during the 2018 crop season.
Grain samples were collected at 5, 10- and 15-days post
anthesis (DPA). These three stages mainly cover the
cellularization and maturation of endosperm in early and

middle-season rice. All eighteen samples (each containing
three biological replicates) were immediately frozen in
liquid nitrogen and stored at -80°C.

RNA extraction and sequencing

Total RNA was extracted from each sample using the
TRK1001 Total RNA Purification Kit (LC Science,
Houston, TX, USA). The construction of transcriptome
libraries and deep sequencing were performed by the
Lianchuan Biological Company (Hangzhou). Total RNA
was quality controlled and quantified using a Bioanalyzer
2100 and RNA 1000 Nano LabChip Kit (Agilent, CA,
USA) with an RIN >7.0. RNA purity was checked using
aNanoPhotometer spectrophotometer (Implen, Los Angeles,
CA, USA). Following purification, the RNA was
fragmented by the addition of divalent cations under high
temperature conditions. Fragments of suitable size were
selected with AMPure XP beads for PCR amplification to
create a cDNA library. All the RNA-seq data have been
deposited in the NCBI SRA database.

IncRNA identification

Low quality and adaptor sequences in raw RNA-Seq reads
from 18 samples were trimmed using Trimmomatic (v0.36)
(Bolger et al. 2014). Then, clean reads were mapped to the
rice reference genome (IRGSP-1.0) using TopHat2 (v2.1.0)
(Kawahara et al. 2013; Kim et al. 2013). Mapped reads
(bam file) from 18 samples were merged into a single bam
file. Genome-guided transcript assembly was performed
using Cufflinks (v2.1.0) based on the merged bam file
(Trapnell et al. 2010).

LncRNAs were identified from the above assembled
transcripts using a modified pipeline (Wang et al. 2017). In
summary, transcripts shorter than 200 nt were removed first.
Long transcripts (> 200 nt) overlapping with reference
genes in the rice genome were discarded, and the remaining
transcripts were classified into 3 categories based on their
locations with respect to reference genes in the reference
genome: 1) intergenic transcripts, 2) intronic transcripts and
3) antisense transcripts. Then, potential protein-coding
transcripts in these three types of transcripts were removed
based on a similarity search against the SWISS PROT
protein database and prediction of the longest open reading
frame (ORF) (Bairoch and Apweiler 2000). Finally, the
expression values (raw read counts) of the remaining
transcripts were checked, and only transcripts with
expression values (raw read counts) greater than 10 in at
least 4 of 18 samples were kept and considered robust
IncRNAs in this study.

Quantitative real-time PCR (qRT-PCR) validation of
INcRNAS

Four IncRNAs were randomly selected for validation by
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quantitative real-time PCR (gRT-PCR). RNA used for
RNA-seq samples was reverse transcribed with the
PrimeScript™ RT reagent kit with gDNA Eraser
(PrimeScript™ Reverse Transcription System, Takara,
Dalian, China). qRT-PCR was performed in triplicate on an
ABI 7500 with three biological replicates.The following
cycling conditions were used for qRT-PCR: 50°C for 2 min;
95°C for 2 min; 40 cycles of 15 s at 95°C and 30 s at 60°C;
and a final step for melting curve determination (15 s at
95°C, 1 min at 60°C and 15 s at 95°C). GAPDH was used as
an internal control. INncRNA expression was calculated
based on the 2-AACt method.

Identification of differentially expressed INCRNAs

The R package “edgeR” was used to perform IncRNA
differential expression analysis (Robinson et al. 2010).
Library sizes of 18 samples were calculated by adding all
reads mapped to protein-coding genes as well as INcCRNAs
together. Meanwhile, we chose the expressed transcripts (for
multiple-exon transcripts, FPKM >0.5; for single-exon
transcripts, FPKM >2) for further research. Statistically
significantly DE IncRNAs were selected according to an
FDR (false discovery rate) threshold of P < 0.05.

LncRNA cis target gene prediction and functional
enrichment analysis

We tested the correlation of expression between INCRNAS
and their putative cis target genes, which were spaced 100
kb upstream and downstream of these IncRNAs. To
understand the function of the neighboring target genes of
IncRNAs, Gene Ontology (GO) term enrichment was used
to perform the classification analysis with” hypergeometric”
as the statistical test method and “Hochberg FDR” to correct
for multiple testing (Du et al. 2010).

Coexpression network analysis of IncRNAs and cis
target genes

To illustrate the potential regulatory interactions between
IncRNAs and mRNAs during the seed development
process, a coexpression network for seed development was
constructed based on WGCNA, which is a comprehensive
collection of R functions for weighting correlation network
analysis. LncRNAs regulate gene expression through cis-
acting interactions, which were spaced 100 k upstream and
downstream of these IncRNAs, which are likely to be
potential targets and subjected to coexpression analysis.
Raw counts of IncRNAs and their neighboring genes were
normalized using VST (variance stabilized transformation).
Coexpression networks were reconstructed using WGCNA
with soft power “10” (Langfelder and Horvath 2008).
Coexpression networks were visualized using Cytoscape
(v3.8.0) (Shannon et al. 2003).

Results

Genome-wide identification of candidate IncRNAs
responding to seed development in rice

To uncover rice noncoding transcripts responding to seed
development, we performed paired-end RNA-seq of 18
samples. In total, we obtained 55,432 assembled long
transcripts (> 200 nt) after transcriptome reconstruction
using cufflinks. Subsequently, we discarded long transcripts
overlapping with reference gene annotations, and the
remaining transcripts were classified into 3 categories
according to their locations, including 9,448 (85.5%)
intergenic transcripts, 1,018 (9.2%) intronic transcripts and
590 (5.3%) antisense transcripts. After removing protein-
coding transcripts based on a similarity search against the
SWISS_PROT protein database and prediction of the
longest ORF, we were able to identify 1,305 IncRNAs. To
obtain a more stringent INcRNA dataset, we filtered low-
expressed INcCRNAs based on their expression profiles
across 18 samples. A total of 421 candidate IncRNAs were
identified, comprising 218 (51.8%) intergenic transcripts,
176 (41.8%) intronic transcripts and 27 (6.4%) antisense
transcripts (Fig. 1a).

To validate the reliability of RNAseq data for IncRNA
expression profiles, we randomly selected four INCRNASs
(LINC.CUFF.1743, INTRONIC.CUFF.35400,
INTRONIC.CUFF.34987 and INTRONIC.CUFF.32583) in
three seed development stages in two environments and
evaluated their expression by qRT-PCR. Notably, the four
INcRNA expression trends were consistent with the
expression levels calculated from the deep sequencing data
in the two environments (Fig. 1b), indicating that overall,
the RNAseq data sets were reliable. The primer sequences
used are listed in Table S1.

Comparative Analysis of Features of mRNAs and
IncRNAs

To comprehensively understand the features of IncRNAs,
we analyzed their gene structure and expression in
comparison to mRNAs. There were 71.73% IncRNAs
shorter than 1000 bp and 75.82% mRNAs longer than 1000
bp (Fig. 2a and Table S2), indicating that the length of
INcRNAs was generally shorter than that of mRNAs.
Meanwhile, 83.85% (353 of 421) of InNcRNAs were single-
exon transcripts, while some mRNAs contained more than
25 exons, and a large fraction of MRNAs were multiple-
exon transcripts (Fig. 2b). We also found that the
expression of IncRNAs was much lower than that of
mRNAs (Fig. 2c), which was consistent with previous
research (Zhao et al. 2020). We compared the length of
open reading frames (ORFs) between IncRNAs and
mRNAs and found that all of the IncRNAs were shorter
than 100 aa, while the ORFs of mMRNAs were much larger
than 100 aa (Fig. 2d).
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Expression  Profiles of IncRNASs

Development

During  Seed

LncRNAs play critical roles in regulating coding gene
expression (Wang et al. 2018). A multidimensional scaling
(MDS) plot based on the gene expression profiles of
eighteen samples showed the clustering of global expression
of IncRNAs at 5, 10 and 15 DPA in two environments

(early and middle-season rice). The three stages mainly
cover the cellularization and maturation of endosperm in the
early and middle-season rice. The results showed a
relatively high repeatability of the experiment in terms of
data analysis (Fig. 3a). The FPKMs of all IncRNAs detected
in the eighteen samples were analyzed, and the results
showed that the expression profiles of IncRNAs were
different during the three seed development stages (Fig. 3b).
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We removed the IncRNAs with low expression according
to FPKM (Chen et al. 2018), and a total of 382 IncRNAs
were obtained for further research, which included 344 and
309 IncRNAs from early and middle-season rice,
respectively; 70.42% (269 of 382) of these INCRNAs were
expressed in both environments (Fig. 3c). In addition,
72.77% (147 of 202), 60.54% (178 of 294), and 64.71%
(187 of 289) of INcRNAs were expressed in both the early
and middle-season rice, at 5 DAP, 10 DAP and 15 DAP,

respectively (Fig. 3d).

To identify IncRNAs potentially involved in the
regulation of seed development, we analyzed the
differentially expressed IncRNAs for seed developmental
stages in early and middle-season rice. We found that there
were 70, 98, and 17 significantly upregulated IncRNAs and
57, 74, and 14 downregulated IncRNAs in 10 _DPA vs
5 DPA, 15 DPA vs 5 DPA_ and 15_DPA vs 10 DPA,
respectively, in early-season rice, and there were 86, 25, and
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68 significantly upregulated IncRNAs and 68, 34, and 72
downregulated IncRNAs in 10 DPA vs 5 DPA, 15 DPA
vs 5 DPA and 15 DPA vs 10 DPA, respectively, in
middle-season rice (Fig. 3e).

Enrichment Analysis of cis target Genes During Seed
Development

To further explore the potential functions of DEIncs

involved in seed development, it is well known that the
corresponding neighboring genes of INcCRNAs are likely to
be potential target genes (Wang et al. 2011). Therefore, the
potential neighboring target genes spaced 100 kb upstream
and downstream of these DEIncs (Chen et al. 2018), and
there were 1389, 306 and 1675 matched IncRNA-mRNA
pairs in 10 DPA vs 5 DPA, 15 DPA vs 10 DPA and
15 DPA vs 5 DPA in early-season rice, respectively. In
addition, there were 892, 146, and 1099 matched IncRNA-
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mRNA pairs in middle-season rice, respectively (Table S3).

These neighboring potential target genes were
analyzed with GO enrichment analysis to predict their
function (Fig. 4 and Table S4). The results showed that
potential target genes had different functions in regulating
many biological processes at the three different seed
developmental stages not only in the early-season rice but
also in the middle-season rice. Simultaneously, in the early-
season rice, the top three most significantly enriched
biological processes were extracellular region, apoplast and
nutrient reservoir activity in 10_DPA vs 5_DPA,; regulation
of cellular metabolic process, regulation of cellular
biosynthetic  process and cellular macromolecule
biosynthetic process in 15_DPA vs 10_DPA,; and cell wall
macromolecule catabolic process, nutrient reservoir activity
and defense response in 15_DPA vs 5_DPA.

On the other hand, in the middle-season rice, the top
three most significantly enriched biological processes were
extracellular region, cell wall macromolecule catabolic
process and nutrient reservoir activity in 10_DPA vs
5 DPA; biosynthetic process, multidrug transport and
regulation of cellular metabolic process in 15 DPA vs
10 DPA,; and cell wall macromolecule catabolic process,
cell wall macromolecule metabolic process and nucleobase,
nucleoside and nucleotide metabolic process in 15 _DPA vs
5 DPA.

Weighted Gene Coexpression Network Analysis

To elaborate the potential correlated pairs of InNcRNAs and
genes during seed development stages, we performed
weighted gene coexpression network analysis (WGCNA)
based on paired-end RNA-seq data. A total of 382 DE
IncRNAs and their neighboring genes were assembled into
8 modules/subnetworks by hierarchical clustering and
dynamic branch cutting (Fig. 5a and Table S5). Each
module was defined with a unique color as an identifier,
and gray modules represent the set of genes that were not
assigned to any modules (Fig. S1). We investigated
whether any module was correlated with grain yield and
tested the relationships between each module and grain
yield traits. We found that the most relevant module, brown
(r = 0.95, P =4.3e-10), had the strongest association with
thousand grain weight (TGW) (Fig. 5b and Table S6). All
target genes of the IncRNAs in the brown module were
subjected to Gene Ontology (GO) analysis for further
elucidation of the functional properties. The top three most
significant pathways in the brown module were
transcription factor activity, regulation of transcription,
DNA-—dependent and regulation of RNA metabolic process
(Fig. 5¢ and Table S7).

Discussion

Over the past decades, high-throughput sequencing
technologies have emerged for both plants and mammals,

and many IncRNAs have been identified and analyzed
(Batista and Chang 2013; Zhao et al. 2015; Deng et al.
2018). High-throughput sequencing has the advantages of
low cost, advanced technology and the ability to perform
large-scale  parallel deep  sequencing; therefore,
transcriptome sequencing is widely used to analyze InCRNA
function (Lu et al. 2016). Many studies have demonstrated
that InNcRNAs have ubiquitous biological functions in almost
every aspect of biological processes and are involved in
regulating gene expression (Guttman et al. 2011; Ariel et al.
2014; Berry and Dean 2015). However, the regulatory
mechanisms of IncRNAs related to rice seed development
are not well characterized. In this study, the genes
expressed in three key growth stages (5, 10, 15 days post
anthesis) in two environments were analyzed in eighteen
samples by paired-end transcriptome sequencing.
LncRNAs have a relatively shorter length and lower
exon number than mRNAs (Yu et al. 2020). Our data
showed that IncRNAs were significantly shorter in length
and expressed at much lower levels than mRNAs;
moreover, 83.6% of INcRNAs were single-exon transcripts,
while most mRNAs had multiple-exon transcripts. These
results are similar to previous reports on IncRNA
characteristics in rice (Zhao et al. 2020).

In total, we screened 382 IncRNAs that were
differentially expressed throughout seed development
among three stages for two different environments. For
these IncRNASs, 344 and 307 IncRNAs were detected in
early and middle-season rice, respectively, and 70.42% (269
of 382) of the IncRNAs were found in both environments.
Furthermore, we found that 72.77% (147 of 202), 60.54%
(178 of 294), and 64.70% (187 of 289) of IncRNAs were
expressed in both environments at 5 DAP, 10 DAP and 15
DAP, respectively. In addition, the metabolic pathways in
early-season rice were the same as those in middle-season
rice; the most significant GO pathways in both
environments were extracellular region, regulation of
cellular metabolic process and cell wall macromolecule
catabolic process in 10 DPA vs 5 DPA, 15 DPA vs
10_DPA and 15_DPA vs 5_DPA, respectively. The results
indicated that the environment had little effect on the
expression of InNcRNAs during the rice seed development
process.

On the other hand, the expression profile and
metabolic pathways were different in the three stages. For
early-season rice, there were 127, 172, and 31 DEIncs in
10 DPA vs 5 DPA, 15 DPA vs 5 DPA and 15 DPA vs
10 _DPA, respectively. In contrast, in middle-season rice,
there were 154, 140, and 59 DEIncs in 10 DPA vs 5_DPA,
15 DPA vs 5 DPA and 15_DPA vs 10_DPA, respectively.
The results indicated that the number and expression level
of IncRNAs at 5 DAP were significantly different from
those at 10 DAP and 15 DAP. In other words, the gene
mechanism regulating rice grain filling in the early stage
might be different from that of the middle and late stages.
Furthermore, the GO pathway analysis of cis target genes of
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DEIncs in 10 DPA vs 5 DPA and 15 DPA vs 5 DPA
revealed that the significant GO pathways were mainly
extracellular region, nutrient reservoir activity and cell wall
macromolecule catabolic process, which are involved in
regulating the production of seed nutrients and
macromolecules in the grain filling stage.

Conclusion

This study provided the first systematic analysis of INCRNA
dynamic regulatory profiles among three seed development
stages in early and middle-season rice. The results showed
that a large proportion of IncRNAs were only slightly
affected by the environment during the grain development
stage. Meanwhile, the number and expression level of
IncRNAs at 5 DAP were significantly different from those
at 10 DAP and 15 DAP. The enriched GO pathways were
mainly involved in regulating seed nutrients and
macromolecules in the grain filling stage. Our study overall
characterized IncRNA expression and molecular pathways
related to the differences in three seed developmental stages
in early and middle-season rice and will provide a valuable
resource for future high-yield breeding.
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