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KEYWORDS Abstract Genome reannotation aims for complete and accurate characterization of gene models and
Genome reannotation; thus is of critical significance for in-depth exploration of gene function. Although the availability of
IC4R; massive RNA-seq data provides great opportunities for gene model refinement, few efforts have
Rice; been made to adopt these precious data in rice genome reannotation. Here we reannotate the rice
RNA-seq; (Oryza sativa L. ssp. japonica) genome based on integration of large-scale RNA-seq data and release
Gene model a new annotation system IC4R-2.0. In general, IC4R-2.0 significantly improves the completeness of

gene structure, identifies a number of novel genes, and integrates a variety of functional annota-
tions. Furthermore, long non-coding RNAs (IncRNAs) and circular RNAs (circRNAs) are system-
atically characterized in the rice genome. Performance evaluation shows that compared to previous
annotation systems, IC4R-2.0 achieves higher integrity and quality, primarily attributable to mas-
sive RNA-seq data applied in genome annotation. Consequently, we incorporate the improved
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annotations into the Information Commons for Rice (IC4R), a database integrating multiple omics
data of rice, and accordingly update IC4R by providing more user-friendly web interfaces and
implementing a series of practical online tools. Together, the updated IC4R, which is equipped with
the improved annotations, bears great promise for comparative and functional genomic studies in
rice and other monocotyledonous species. The IC4R-2.0 annotation system and related resources
are freely accessible at http://ic4r.org/.

Introduction

As a major crop for more than 7000 years, rice is one of the
most important staple food feeding a large number of people
throughout the world, with vital significance for global food
security. Possessing a relatively small genome and high genetic
transformation efficiency, rice is also an excellent model sys-
tem for studying monocotyledonous biology [1]. Since 1997,
great efforts have been devoted to deciphering the rice (Oryza
sativa L. ssp. japonica and indica) genomes [2—4], and finally in
2005, representative genomes were assembled into chromo-
some scale [5,6]. It should be noted, however, that any rice gen-
ome can be fully utilized only when its high-quality annotation
is available; incomplete, incorrect, or ambiguous annotation
could bring considerable obstacles for comprehensive charac-
terization of gene function and in-depth exploration of molec-
ular mechanisms underlying complex agronomic traits.
Therefore, complete and accurate genome annotation is of fun-
damental importance in support of yielding scientific findings
in rice studies [7-10].

Genome reannotation holds the potential to not only
improve structural and functional information but also dis-
cover novel protein-coding and non-coding genes. Nowadays,
next-generation sequencing (NGS) technologies have triggered
an explosion of RNA-seq data, providing great opportunity in
genome reannotation. As RNA-seq analysis enables identifica-
tion of splice junction sites and novel exons with higher confi-
dence [11], there is no doubt that rice genome annotation can
be significantly improved based on these precious data, espe-
cially when considering the efforts that have already been paid
in other species [12-14]. Currently, there are two widely used
annotation systems for the rice (O. sativa L. ssp. japonica) gen-
ome, namely, MSU-7.0 and RAP-DB [10]. However, they were
generated mainly based on expressed sequence tags (EST) and
cDNA sequences, efc., with limited amount of high-
throughput NGS data integrated [10]. Although RNA-seq
libraries from various rice tissues and diverse experimental
conditions are growing at an unprecedented pace, so far, no
attempt has been made to apply all these valuable resources
for rice gene model refinement. Therefore, it is highly desirable
to reannotate the rice genome based on large-scale integration
of high-throughput transcriptomic data.

The Information Commons for Rice (IC4R, http://icdr.org)
[15-17], one of the core resources of National Genomics Data
Center (NGDC, http://bigd.big.ac.cn) [18-20], is a public data-
base integrating multiple omics data for rice and providing
high-quality annotations. Here, we perform rice genome rean-
notation based on integration of large-scale RNA-seq data and
consequently release a new annotation system—IC4R-2.0 for
0. sativa L. ssp. japonica. 1C4R-2.0 presents considerable
improvements by enhancing structural completeness of
protein-coding genes, incorporating an abundance of func-
tional annotations, and systematically identifying long non-

coding RNAs (IncRNAs) and circular RNAs (circRNAs) in
rice genome. Accordingly, we upgrade the IC4R database by
providing more user-friendly web interfaces and implementing
a series of practical online tools. Collectively, the improved
annotation system IC4R-2.0 as well as the updated database
remarkably increase the utility of the rice genome, thereby
bearing great promise for comparative and functional genomic
studies in rice and other monocotyledonous species.

Method

RNA-seq data collection

More than 1800 RNA-seq datasets of O. sativa L. ssp. japonica
released before May 1st, 2017 were downloaded from NCBI
Sequence Read Archive (SRA) [21] and NGDC Genome
Sequence Archive (GSA) [22]. These datasets were generated
from a diversity of rice tissues across various developmental
stages and experimental conditions. After removal of libraries
with short sequencing reads (average length < 36 bp) and
unclear meta-information, a total of 1503 RNA-seq datasets
(http://ic4r.org/statistics/ RNA-Seq-dataset) with approxi-
mately 5.32 terabytes in file size (FASTQ format) were used
for rice genome reannotation.

Genome reannotation process

RNA-seq datasets in SRA format were converted into FASTQ
format by SRA toolkit (v.2.4.2). Raw reads were adapter-
trimmed and quality-filtered (Phred score > 33; read length
> 36 bp) using Trimmomatic (v.0.36) [23] with parameters
(LEADING: 15, TRAILING: 15, SLIDINGWINDOW:
4:15). The reference-based RNA-seq mapping was performed
by HISAT aligner (v.2.1.0) [24] with default parameters. Pro-
cessed reads were aligned against the reference genome (Os-
Nipponbare-Reference-IRGSP-1.0), which was obtained from
the Rice Genome Annotation Project (http://rice.plantbiology.
msu.edu).

The alignment files in SAM format were converted into
BAM format and sorted by SAMtools (v.0.1.19) with default
parameters. StringTie (v.1.1.2) [24] was then used to assemble
the sorted BAM files into transcripts under the guidance of
MSU-7.0, and also to estimate their expression levels by tran-
scripts per million (TPM). The junction reads spanning exon—
exon sites of transcripts were annotated and calculated using
regtools (v.0.5.0). To decrease the noises caused by lowly-
expressed and fragmented sequences, reconstructed transcripts
were filtered by a relatively strict threshold (length > 200 bp;
TPM > 2.0; minimum reads per bp coverage > 2.5). Mean-
while, exon—exon junction sites of each transcript should be
spanned by valid supporting junction reads. After that, GMAP
(v.2015) [25] and BLAT (v.35) [26] were used together to align
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the resulting non-redundant transcripts back to their genomic
loci and further merge them into more complete and coordi-
nated transcripts. Then, PASA (v.2.1.0) [27] was used to
update MSU-7.0 gene models according to the new transcripts.

Regarding IncRNAs, transcripts with single exon, length
< 200 bp, or ORF size > 100 bp were excluded. Afterwards,
the remaining transcripts were compared to the updated
protein-coding annotation by Cuffcompare (v.2.2.1). Tran-
scripts with relationship ‘u’ (unknown intergenic transcript),
‘0’ (generic exonic overlap with a reference), and ‘x’ (natural
antisense transcript) were selected for further analysis. All
retained transcripts were blasted against the plant protein
sequences from UniRef90 [28] using BLASTX (v.2.2.31+)
(E-value cutoff: 1E-05) to remove potential protein-coding
transcripts. After that, Coding Potential Calculator (CPC)
(v.0.9-r2) [29] and LGC (v.1.0) [30] were collectively used for
IncRNA identification with default parameters, and only the
consensus ones identified by both tools were incorporated into
1C4R-2.0.

Among the 1503 RNA-seq datasets, only those generated
from RiboMinus or RiboZero sequencing libraries were
selected for circRNA identification. After quality control, the
remaining clean reads were aligned against the reference gen-
ome (Os-Nipponbare-Reference-IRGSP-1.0) by BWA
(v.0.7.10-r789). Then, circRNAs were detected and character-
ized by CIRI (v.2.0.6) [31] through a two-step process: (1)
detecting junction reads with paired chiastic clipping (GT-
AC) signals; (2) detecting additional junction reads and further
filtering to remove false positives caused by incorrectly
mapped reads.

Characterization of tissue specificity

The expression breadth, coefficient of variance (CV), and tis-
sue specificity index (t-value) [32] were used to evaluate expres-
sion variability for both protein-coding genes and IncRNAs.
Specifically, the t-values vary between 0 and 1, where the lower
1-values represent less variable expression profiles across dif-
ferent tissues, vice versa. A criterion for selection of housekeep-
ing (HK) and tissue-specific (TS) genes was suggested as
follows: (1) HK genes are defined as genes with t-value
< 0.5 and CV < 0.5, and expressed in > 80% tissues; (2)
TS genes are defined as genes with t-value > 0.95, and
expressed in < 15% tissues; (3) expressed invariable genes
(EIGs) are defined as a set of strictly defined HK genes with
relatively constant expression levels, which have z-value <
0.45 and CV < 0.5, and are expressed in > 85% tissues [33].

Database implementation

The updated IC4R was implemented by Java Platform Enter-
prise Edition (J2EE) as the back-end components and
deployed in Apache Tomcat Server (an open-source Java Serv-
let Container) on a CentOS release 6.5 Linux system. Hyper-
text Markup Language 5 (HTMLYS), Cascading Style Sheets
3 (CSS3), Asynchronous JavaScript and XML (AJAX),
Data-Driven Documents (D3), Bootstrap, and JQuery were
used together to provide user-friendly and interactive front-
end web interfaces. All annotation data in the updated IC4R
were stored and managed in the open-source MySQL rela-
tional database system.

Genome reannotation

In this study, we set up the IC4R reannotation pipeline based
upon a reference-guided transcript assembly and reconstruc-
tion strategy (Figure S1). As a result, a total of 9,826,047
non-repeated transcripts (17.64 GB in FASTA format) are
yielded from 1503 public RNA-seq datasets, representing a
great abundance of rice transcriptomes from various tissues
and diverse experimental conditions. The reconstructed tran-
scripts are mapped back to the reference genome and subse-
quently merged as coordinated transcripts to further generate
the new annotation system—IC4R-2.0.

Structural improvements

In total, IC4R-2.0 comprises 56,221 protein-coding gene loci
corresponding to 80,039 mRNAs. Compared to the previous
two annotation systems (MSU-7.0 and RAP-DB), the com-
pleteness of gene structure is improved in IC4R-2.0, as the
mean lengths of mRNAs, coding sequences (CDS), and exons,
as well as the average number of exons per transcript, are all
increased (Figure 1A—D). Another improvement is an increase
in the number of mRNAs attributed to the inclusion of both 5’
and 3’ untranslated regions (UTRs) (Table 1). Meanwhile, a
total of 16.36% rice gene models are identified to possess alter-
native splicing, corresponding to 1.42 spliced isoforms per gene
on average, which is higher than values obtained using previ-
ous annotation systems (1.18 for MSU-7.0 and 1.15 for
RAP-DB). Apparently, more alternative splicing events with
intron retention are identified in IC4R-2.0 (Figure S2).

Based on the large-scale integration of RNA-seq data, more
than 27,000 gene loci are improved in IC4R-2.0 with structural
modification (including gene extension and gene merging) and
novel gene identification. For example, LOC_Os12g32950,
previously annotated in MSU-7.0, is extended to be a more
complete gene model IC4R-OSJ12G289800 in IC4R-2.0
through adding a 3’ boundary exon, which is in fact well sup-
ported by RAP-DB (Figure 2A). Another case of gene exten-
sion is observed in IC4R-OSJ12G211900, which is improved
by not only adjunction of an internal exon to the MSU-7.0
locus, but also inclusion of 5-UTR and 3’-UTR (Figure 2B).
Furthermore, IC4R-2.0 updates 218 loci by gene merging.
Specifically, two neighbouring loci (LOC_Os07g47280 and
LOC _0s07g47284) that were originally annotated as separate
genes in MSU-7.0, are merged together to form a single gene
(IC4R-0SJ07G424200) in IC4R-2.0, which consistently con-
tains complete domains of DNA polymerase zeta catalytic
(Figure 2C and S3). Strikingly, IC4R-2.0, based on massive
RNA-seq data, identifies a total of 456 novel genes, which pos-
sess sufficient RNA-seq evidence but have not been reported in
any previous annotation systems (Figure 2D). Particularly,
these novel loci are further verified via multiple protein
sequence alignments; taking IC4R-OSJ01G191000 as an exam-
ple, its reliability is well supported by protein homologs in
other four Oryza species (Figure 3).

Characterization of gene expression patterns

To explore the expression patterns of all updated gene models
in IC4R-2.0, we investigate their tissue specificity (estimated by



164 Genomics Proteomics Bioinformatics 18 (2020) 161-172

A B
7000 - I . 1 4200 1 . 1
_ — | —
__ 6000 —_ 36001 = —_
= 1 = ' 1
= 50001 : — < 3000 i "
=) | i 5 ' ' T
T T - I N T
—_— 1 —_ [}
< 3000+ ' i ® 1800+ :
4 ! o .
£ 2000 - - © 1200+
1000 1 ' . 600 1 . T
— = —_ — —— -
0 T T 1 O T T 1
C D
900 T j 1800 1 Sk
1 1 1 1
¥k Fkk
7501 1 15001 I 1
= 1 = H
< 600 ! £ 1200 I
£ 1 £ !
o 1 D 1
& 450 : o —_ & 900 ' -
" ! ' : = - . T
5 300 ' 1 5 600 - ' :
o : ™ 1
150 A 300 -
1 [ : 1 T
0 — T — T - 1 0 = T == T =l 1
B IC4R-2.0 | MSU-7.0 RAP-DB

Figure 1

Comparison of structural features among different rice genome annotation systems

Structural features of rice genes in terms of mRNA length (A), CDS length (B), 5-UTR length (C), and 3’-UTR length (D) were compared
using IC4R-2.0 developed in the current study, with two previous annotation systems, MSU-7.0 and RAP-DB. P values were calculated

using Student’s r-tests. *, P < 0.05; **, P < 0.01; *** P < 0.001.

t-value) and expression level (estimated by TPM). When com-
paring IC4R-2.0 with MSU-7.0 or RAP-DB, all genes can be
classified as updated genes (that have different gene structures
or are newly identified) and non-updated genes (that have no
difference between any two compared annotation systems).
Consequently, in contrast to MSU-7.0, we find that the
updated gene group in IC4R-2.0 exhibits significantly higher
t-value and lower TPM value than the non-updated gene
group. Similar trends are obtained when comparing IC4R-
2.0 with RAP-DB (Figure 4A and B). These results clearly
demonstrate that genes in the updated group tend to be more
tissue-specific and lowly expressed, as RNA-seq data provides
higher-resolution transcriptomic evidence and accordingly
enable more accurate identification of lowly expressed and/or
tissue-specific genes.

Notably, we find that 3996 gene loci annotated in IC4R-2.0
were controversial in the previous annotation systems. For
instance, IC4R-OSJ08G082200 and IC4R-OSJ06G014600,
were annotated only in one of the annotation systems (RAP-
DB and MSU-7.0, respectively), without reaching an agree-
ment on gene annotation. Strikingly, IC4R-2.0 verifies the
annotation reliability of these two genes with strong evidence
from both RNA-seq data (Figure S4A and B) and multiple

sequence alignments of the protein products (Figure SS5A
and B). These results clearly indicate that IC4R-2.0, with the
advantage of RNA-seq-based evidence, is capable of bridging
the gaps between MSU-7.0 and RAP-DB, and thereby
achieves more confident improvements for rice genome
annotation.

Functional annotation

IC4R-2.0 additionally presents significant improvements by
acquiring multi-level functional annotations. First, all protein
sequences identified in IC4R-2.0 are blasted against plant
sequences from UniRef90 database. Functional descriptions
of the best BLASTP hit (E-value cut-off: 1E-05) are subse-
quently extracted, corresponding to a total of 47,693 (85.7%)
protein-coding genes. Second, a comprehensive set of ontolo-
gies, including Gene Ontology (GO), Trait Ontology (TO),
Environment Ontology (EO), and Plant Ontology (PO), are
retrieved by Blast2GO [34] or via ID mapping to other plant
ontology resources. As a result, 43,066 protein-coding genes
gain ontology terms. Meanwhile, functional motifs and
domains are identified in IC4R-2.0 using InterProScan [35],



Table 1 Statistics of three different annotation systems for rice genome

Data item IC4R-2.0 RAP-DB  MSU-7.0
RNA-seq data used

No. of total datasets 1503 0 32

Data size (GB) 5320 0 13
Protein-coding genes

No. of gene loci 56,221 45,966 55,986
No. of mRNAs 80,039 52,733 66,338
Mean length of mRNAs (bp) 2141.70 1393.03 1708.17
Mean length of CDS (bp) 1392.89 919.54 1342.01
Percentage of spliced genes (%) 16.36 11.56 11.54
Mean No. of spliced isoforms per gene 1.42 1.15 1.18
Exons

Mean No. of exons per mRNA 5.56 3.97 4.71
Mean length of exons (bp) 385.16 350.96 362.62
UTRs

No. of mRNAs with 5'-UTR 48,941 34,863 32,853
No. of mRNAs with 3'-UTR 50,218 35,530 33,903
No. of mRNAs with both 5'-UTR and 3'-UTR 46,868 32,262 31,483
Mean length of 5'-UTR (bp) 320.80 193.70 189.89
Mean length of 3'-UTR (bp) 587.07 322.42 374.30
Newly identified ncRNAs

No. of IncRNAs 6259 NA NA
No. of circRNAs 4373 NA NA
BUSCO analysis

Percentage of complete BUSCO genes (%) 96.18 82.63 95.42
Percentage of fragmented and missing BUSCO genes (%) 3.82 17.36 4.58

Note: The RAP-DB (V2018-03-29) annotation system was obtained from https://rapdb.dna.affrc.go.jp/; the MSU-7.0 annotation system was obtained from http:
rice.plantbiology.msu.edu on April 12, 2018. BUSCO, Benchmarking Universal Single-Copy Orthologs.
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Figure 2 Structural improvements of IC4R-2.0
A. Gene structural update by adding 3'-exon. B. Gene extension by adjunction of internal exon as well as inclusion of both 5-UTR and 3'-
UTR. C. Gene fusion. D. Novel gene identification. RNA-seq evidence including read coverage and read alignment is displayed.
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BGIOSGA001758 1 Al Vi ABLL APYP V] LpABLL VH 1 FGMLB 1 rPB1 ESSG vV CclaWcABFLEARMLG 1 cSGNPGPCcLVE 80 Oryza sativa indica
OBART01G13720 1 Al VT ABLL APYP V| LPADLLVHIFGMLBI1PBIFSSGVVCRAWCASFLEABMLGICSGNPGPCLVE 80 Oryza barthii
ONIVA06G 10530 1 Al VT ABLL APYP N LPABLLVHIFGMLB1PB1ESSGVVCEAWCASFLEARMLGI CSGNPGPCLVE 80 Oryza nivara
ORGLA01G0114400 1 Al VT ABLL APYP V] LPABLLVHIFGMLB1PB1FSSGVVCEAWCASFLEARMLG I CSGNPGPCLVFE 80 Oryza glaberrima
IC4R-05J016191000 1 Al VI ABLL APYP V] LpABLLVE1FGMLB1PB 1 FSSGVVCEMAWCASFLEARMLG 1 CSGNPGPCLVE 80 Oryza sativa japonica
jnetpre
JNETCONF
98887433778764157777777777776527899999875164424025506789876344220212115788735888
BGIOSGA001758 81 [8lG| PTVATLYRLTTGREYYvTMPBP P F v 1vg] GWL 1T A LLLVNPATQAQIAMPPPET I ANVEIHCNA 160 Oryza sativa indica
OBART01G13720 81 [88G| PTVATLYSLTTGREYYVTMPBP P F Y 1VG GWL IT A LLLVNPATQAQ1AMPPPET I ANVEIHCNA 160 Oryza barthii
ONIVA06G 10530 81 88(G| PTVATLYSLTTGREYYVTMPBP P F Y 1VG GWL 1T A LLLVNPATQAQTAMPPPET I ANVE 1HCNA 160 Oryza nivara
ORGLA01G0114400 81 88(G| PTVATLYSLTTGREYYVTMPBP P F Y 1VG GWL I T A LLLVNPATQAQ T AMPPPET I ANVE 1HCNA 160 Oryza glaberrima
Ic4R-0s 016191000 - &1 §SIG PEVATLYSILTTGEEYYvTMPBP P F Y 1 VG| GWL 11T A LLL VNP ATQAQ 1 AMP P PET I ANVEI1EHCNA 160 Oryza sativa japonica
jnetpre:
JNETCONF
53788851478875378861687536777740288726884689864888468863787511012677752026788536
BGIOSGA001758 161BcvrBcYPLL V] Al F GlF Y FYGv VLS ABrSSGNcTvMILELL LSEAlvGG 1BV 240 Oryza sativa indica
OBART01G13720 161G VP BGYPL L V] Al F GHMF Y FYGV VL A GNCTVMILHLL LSFEARVGG 1BV 240 Oryza barthii
ONIVA06G 10530 161G vPBGYPL L V] Al F GMFSMGG - - -1L8cQ@Q- - - ----- - 1Hp VBT - - - - AQVGG 1BV 224 Oryza nivara
ORGLA01G0114400 161 BGAPBGYPL L V] Al F GEFYFYGVVLESABPESGNcTVMILELL LSFARVGG 1BV 240 Oryza glaberrima
IC4R-0SJ01G191000 d161 GVPBGYBLL V| Al F GEFYFYGEVVLSABPSSGNCTVMILHLL LSFARMVGG 1B VE 240 Oryza sativa japonica
jnetpre
JNETCONF
77777773578743677776665456667777634763014652677778714675210035763341478801788615
BGIOSGA001758 241 g cwBYEB vL Y L FyAVlGNGHE v A 1 GrSpMLEvVLL vvBcTlY 1 VBILEYGBL LEv BBy vi 320 Oryza sativa indica
OBART01G13720 241 BQcWBYHB VLY LEYAVBGNGHE VA 1 GrSPMLEVLL vvBlcTlY | VELEYGBLLEvCEBCRY Vi 320 Oryza barthii
ONIVA06G 10530 22t BQcWBlYHB VL Y, LFYAVQGNGHE VEH A 1 GpSPMLEVLL vvBlcTRY 1 VlLEYGBL LEVCcEBcRY Vv 304 Oryza nivara
ORGLA01G0114400 241 BQCWBYHB VL Y LFYAVBGNGHE VE A 1 GpSPMLEVLL vvBlcTlY 1 VEILElYGBL LEVCE@BCcRY Vi 320 Oryza glaberrima
IC4R-0SJ01G191000 d241 cwBlYHB VLY LFYAVEGNGB VEA 1 GrSpMLEVLL vvBlcTlY 1 VEMBLEYGBL LEVCcEBCcEY Vi 320 Oryza sativa japonica
jnetpre
JNETCONF
43444355110477558999855885589813787303778754887311010213452686178788703246787653
BGIOSGA001758 321 BB 1 vYRVBL vEREL Vi rFEGEvVLFIGF F Ll VR e MU NS vy cCTBBSVEN | vEEN:G Bl Ve AFECEESSET s00  Oryza sativa indica
OBART01G13720 321 L 1 VYR VBl VEREL V] - - FvEvLcSLBLELG Vv - - Oryza barthii
ONIVA0BG10530 305 [BE[L 1 VYR VBIL v L V| FEGEvLFiGF FrLEVEBEr ML e NS vy cTBBSVEN | vEENrc BBV sl BBSSFT 384 Oryzanivara
ORGLA01G0114400 321 L1VYRVBL Vi L V| - - -FVIL - - - - - 344 Oryza glaberrima
icar-0ss016191000 321 L 1 vy VIl VIEREIL v FEGHEVLF 1o rNEEFF LV F e MLE e N8 vy cTBBSVEN | vSEN:c clEve ArELEBSSET 400  Oryza sativa japonica
jnetpre:
JNETCONF
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Figure 3  Sequence alignment and phylogenetic tree of a protein encoded by a newly identified gene

The protein sequence of IC4R-OSJ01G191000 was aligned with its homologs from Oryza barthii, Oryza glaberrima, Oryza nivara, and
Oryza sativa indica by ClustalX (v2.1). Sequence alignment color code was determined according to the ClustalX color scheme by Jalview
software. Jnetpred is used for secondary structure prediction (red ribbon for a-helix and green ribbon for B-sheet) and the prediction
confidence is estimated using JINETCONF, with higher values for higher confidence. A phylogenetic tree was constructed using the protein
sequences for multiple alignment based on neighbor-joining algorithm using MEGA v7.0 with 1000 bootstrap replications.

yielding a total of 155,618 functional entries assigned to 48,159 Identification of ncRNAs
gene models. Taken together, 55,080 protein-coding genes in
IC4R-2.0 are functionally annotated and the detailed statistics

A IncRNAs and circRNAs are important functional regulators
are summarized in Table S1.

involved in many aspects of plant biology [31,36]. Taking
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Figure 4 Comparison of tissue specificity index and expression abundance between updated and non-updated gene groups in IC4R-2.0

The newly identified gene models and those with updated structure in IC4R-2.0 in comparison with previous gene models in MSU-7.0 or
RAP-DB are included in the updated group, while genes in IC4R-2.0 with same structure as the previous gene models in MSU-7.0 or
RAP-DB are included into the non-updated gene group. P values were calculated by Student’s z-tests. *, P < 0.05; ** P < 0.01; ***,

P < 0.001.

advantage of abundant RNA-seq data, we systematically
carry out a genome-wide identification of IncRNAs and cir-
cRNAs in the rice genome. As a result, 3215 IncRNA loci
corresponding to 6259 transcripts are identified (Table 1).
Further investigation shows that the size of IncRNA tran-
scripts ranges from 201 to 14,159 bp, with mean length of
1191 bp. Conforming to a previous report [13], IncRNAs,
in contrast to protein-coding genes, possess lower expression
level and fewer exons (Figure 5A and B). Moreover, narrower
expression breadth and higher t-value are consistently
observed in IncRNAs, suggesting that they are likely to be
more tissue-specific (Figure 5C and D). Meanwhile, a total
of 4373 circRNAs are identified, among which, 3342
(76.42%) are exonic, 762 (17.42%) are intergenic, and the
remaining 269 (6.16%) are intronic. All these ncRNAs are
publicly available at the IC4R website (http://ic4r.org/
browse/IncRNA and http://ic4r.org/browse/circRNA).

Evaluation of annotation

We evaluate IC4R-2.0 by comparison with MSU-7.0 and
RAP-DB in terms of annotation completeness and quality.
First, to assess the completeness of IC4R-2.0, we carry out
routine analysis of Benchmarking Universal Single-Copy
Orthologs (BUSCO) [37] based on the latest plant dataset (em-
bryophyta odb9). As a result, more complete BUSCO genes
are identified in IC4R-2.0 (1389), compared to MSU-7.0
(1378) and RAP-DB (1190), and the number of missing
BUSCO genes in IC4R-2.0 is reduced accordingly (Table 1
and Figure S6). Additionally, we use MAKER-P software
package [38] to evaluate the annotation quality as indicated
by Annotation Edit Distance (AED), which ranges from 0 to
1 for each transcript. Specifically, lower AED values represent
higher annotation quality, vice versa. Consistently, IC4R-2.0
gives rise to a cumulative curve that shifts to the left, present-
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Expression breadth refers to the sum of tissues in which the IncRNAs or protein-coding genes are expressed. Eighteen tissue types of rice
are included in the current study according to the corresponding meta-information of RNA-seq libraries. These include aleurone, callus,
coleoptile, crown, embryo, endosperm, flower, leaf, meristem, node, panicle, root, seed, seedling, sheath, shoot, spikelet, and stem.

ing lower AED values than MSU-7.0 or RAP-DB (Figure S7).
Together, based on the results shown above, IC4R-2.0 repre-
sents a more complete annotation system with better quality,
which is primarily attributable to massive RNA-seq data
applied in the genome reannotation.

Database update

Data organization and presentation

The IC4R database is significantly updated by incorporating
the improved genome annotations and providing user-
friendly interfaces for data organization and presentation in
light of protein-coding genes, IncRNAs, and circRNAs. For
protein-coding genes, basically, IC4R houses a wealth of fun-
damental information, including gene summary (e.g., symbols,
genomic context, and external hyperlinks), transcripts, associ-
ated functional entries, and ontologies (Figure 6A—G). Most
importantly, the updated IC4R incorporates abundant infor-
mation on gene expression, involving expression profiles,
expression breadth, z-value, and associated RNA-seq libraries
(Figure 6C). Meanwhile, it features community annotation
[39.40], allowing users to contribute their knowledge and
expertise to further improvement on gene annotation (Fig-
ure 6H). When it comes to IncRNAs, IC4R provides addi-

tional information of coding potential scores estimated by
both CPC and LGC (Figure S8A-E). Regarding circRNAs,
IC4R presents not only basic information, but also Compact
Idiosyncratic Gapped Alignment Report (CIGAR) types [31]
and the supporting back-spliced junction reads (Figure
S9A-D).

Functionality improvement

IC4R is also considerably upgraded by improving multiple
functionalities. First, its information retrieval/search function-
ality is optimized to be more user-friendly and straightforward;
it allows a variety of keywords (including gene, IncRNA, cir-
cRNA, and domain) as query and also supports fuzzy search.
Second, IC4R incorporates a built-in BLAST module and
accordingly is capable of sequence similarity search (http://
ic4r.org/blast). Third, a web tool named HK-TS Gene Finder
(http://ic4r.org/hk-ts) is provided, which is able to identify HK
and TS genes with customized criteria. Additionally, a light-
weight ID mapping tool (http://ic4r.org/idmapper) is deployed
in IC4R, helpful to convert gene IDs among IC4R-2.0, MSU-
7.0, and RAP-DB. Last but not least, an interactive genome
browser—JBrowse is implemented in IC4R, enabling users to
flexibly investigate any given gene, IncRNA, or circRNA in a
visualized manner.
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A Gene summary

B Transcript information
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G De ti S Thi Protein Phosphat: b .
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Organism Oryza sativa Japonica Group \CaR - ICaR
. = -
Type Protein-coding Gene 0840373782003 £010 4418 a28¢ 2124 08J03P376200.3
Length (bp) 10923 IC4R- IC4R-
0SJ03T378200.4 0208 222 20 212 0SJ03P378200.4
Chromosome Chromosome 3
IC4R- m IC4R-
i 5991 49.01 49.52 2664
Location 250408002500 1788 0SJ03T378200.5 08J03P378200.5
Strand
Additional Links IC4R 1.0; MSU; RAP-DB;
Run ID Layout Bases (MB) Spots (Millions) Tissues Description Release Date
Average (TPM)  Median (TPM)  Maximum (TPM)  Minimum (TPM) GV T-Value Tissues Breadth Shoot & nder.
DRR000349 SINGLE 1252.89 348 Shoot normal 1/12/2010
24.22945 22754428 38.031893 9.005152 0.347996 0.384265678 18
condition
TPM: Transcripts Per Million; CV: Coefficient of Variance; r-Value: Tissue Specificity Index Root & under
DRR000350 SINGLE 521.61 14.49 Root normal 1/12/2010
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%0
Shoot & 1hour
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0
Shoot & 1hour
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Z2 stress condition
g
Shoot & under
DRR000353 SINGLE 1059.27 29.42 Shoot normal 1/12/2010
o condition
N N .
& &
) F Functional annotation
IC4R-05)J03G378200
Functional Categories D Description
E G b PRINTS PR00114 Serine/threonine phosphatase family signature
e n o e ro se r SUPPERFAMILY SSF56300 Metallo-dependent phosphatase-like
08 500 03000 Se0aTE00 S om0 Gene3D G3DSA:3.60.21.10 Metallo-dependent phosphatase-like
Gene3D ‘G3DSA:2.120.10.80 Kelch-type beta propeller
InterPro IPRO11498 Kelch repeat type 2;(Type of Repeat)

H Community curation & comments

IC4R-2.0 Locus: IC4R-0SJ03G378200
¢ WSU-TIGR7.0
He Publication Title:
oc_ososga - -
oc_ostagasson
berine/ihreonine protein phosphatase, putative, expressed
4
Functional Annotation:
G Ontologies a
Experimental Evidence: PCR RT-gPCR Full-length cDNA Western Blot
Gene Ontology
GO:0005634 Cellular Component Nucleus FPosomios Others
G0:0004722 Molecular Function Protein Serine/Threonine Phosphatase Activity ;
Your Email:
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G0:0005488 Molecular Function binding
GO:0016787 Molecular Function hydrolase activity
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Enhanced data accessibility

To facilitate access to the new annotation system, IC4R pro-
vides a series of flat files for public downloading (http
org/download), including gene structural annotation (GFF
format), nucleotide and protein sequences (FASTA format),

Figure 6  Screenshots of protein-coding gene page in IC4R

correspondence between IC4R-2.0, MSU-7.0, and RAP-DB
ID systems (CSV format), predicted CpG island (TSV format),
as well as exon—exon junction information (BED format). Fur-
thermore, to make these associated data accessible more effi-
ciently, an open application programming interface (API)
(http://ic4r.org/api) is provided for automatic retrieval.

/ic4r.
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Conclusions and future directions

Here we have reannotated the rice genome based on integra-
tion of large-scale RNA-seq data and accordingly released
the new annotation system IC4R-2.0. It significantly updates
rice gene models by not only enhancing structural complete-
ness of protein-coding genes, but also identifying novel genes,
IncRNAs, and circRNAs. Meanwhile, considerable upgrades
are made in IC4R database by implementing more user-
friendly interfaces and new functionalities, which together
would be of broad utility for functional genomic studies in rice.
However, we cannot rule out the possibility that the new anno-
tation system may contain flawed mapping in duplicated genes
presumably derived from non-Nipponbare RNA-seq data.
Thus, future directions include regular updates of rice refer-
ence gene models by integrating more high-quality
Nipponbare-specific RNA-seq datasets (especially those with
long read length) as well as other types of data (e.g., pro-
teomics data). In addition, more efforts will be devoted to
genome-wide reannotation of ncRNAs, such as microRNAs
(miRNAs), PIWI-interacting RNAs (piRNAs), small interfer-
ing RNAs (siRNAs), and small nucleolar RNAs (snoRNAs).
Furthermore, genome reannotation will be conducted for not
only O. sativa L. ssp. japonica, but also other cultivated and
wild rice species.

Availability

The IC4R-2.0 annotation system and related resources are
freely accessible at http://ic4r.org/.
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