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ABSTRACT

Small RNAs (sRNAs) constitute a large portion of
functional elements in eukaryotic genomes. Long in-
verted repeats (LIRs) can be transcribed into long
hairpin RNAs (hpRNAs), which can further be pro-
cessed into small interfering RNAs (siRNAs) with
vital biological roles. In this study, we systemati-
cally identified a total of 6 619 473 LIRs in 424 eu-
karyotic genomes and developed LIRBase (https:
//venyao.xyz/lirbase/), a specialized database of LIRs
across different eukaryotic genomes aiming to fa-
cilitate the annotation and identification of LIRs en-
coding long hpRNAs and siRNAs. LIRBase houses
a comprehensive collection of LIRs identified in a
wide range of eukaryotic genomes. In addition, LIR-
Base not only allows users to browse and search the
identified LIRs in any eukaryotic genome(s) of inter-
est available in GenBank, but also provides friendly
web functionalities to facilitate users to identify LIRs
in user-uploaded sequences, align sRNA sequencing
data to LIRs, perform differential expression analysis
of LIRs, predict mRNA targets for LIR-derived siR-
NAs, and visualize the secondary structure of can-
didate long hpRNAs encoded by LIRs. As demon-
strated by two case studies, collectively, LIRBase
bears the great utility for systematic investigation
and characterization of LIRs and functional explo-
ration of potential roles of LIRs and their derived
siRNAs in diverse species.

INTRODUCTION

Small RNAs (sRNAs) are short non-coding RNAs with
regulatory roles in almost every biological process of plants
and animals by modulating gene expression levels (1). The
biological functions of the majority of small interfering
RNAs (siRNAs), which are a sort of sRNA with the largest
quantity and species, remain elusive (1). In 2006, Hender-
son et al. reported a new biogenesis pathway of siRNAs
from long inverted repeats (LIRs) in Arabidopsis thaliana,
which was soon verified and characterized in Drosophila (2–
4). An inverted repeat is a single stranded DNA sequence
followed by its reverse complement at the downstream, des-
ignated as the left arm and the right arm of the inverted
repeat, respectively. The two arms are intervened by zero
or more nucleotides, termed as the loop of the inverted re-
peat. It was found that LIRs can form secondary stem-loop
structures and can be transcribed into long hairpin RNAs
(hpRNAs), which are much longer than typical animal or
plant pre-miRNAs (3,4). The long hpRNAs can be further
processed into 21-nt and 22-nt siRNAs by canonical RNA
interference factors including Dicer-2, Hen1 and Argonaute
2 (3).

In the past decades, LIRs as well as their derived siR-
NAs have been extensively reported to play vital biologi-
cal roles in diverse species (3–11). LIRs were deemed to be
able to lead to tumorigenesis in human by causing DNA
rearrangements in somatic cells (12). In 2018, Lin et al.
identified two long hpRNAs encoded by LIRs with ∼2.8-
and ∼3.1-kb in length in Drosophila simulans, which were
processed into 21-nt siRNAs (5,13,14). These siRNAs can
repress the expression of the Dox and MDox genes, thus
promoting X chromosome transmission by suppressing Y-
bearing sperms. As a result, the two LIRs and the derived
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siRNAs are critical to the maintenance of balanced sex ra-
tio in the offspring of D. simulans. In mouse, siRNAs de-
rived from LIRs were reported to regulate gene expression
in oocytes (8,11). In apple, a 1489 bp LIR and the gener-
ated 21-nt siRNAs contributed to the resistance of apple
to leaf spot disease caused by the Alternaria alternata f. sp
mali (ALT1) fungus, by targeting five resistance genes (6).
In soybean, 22-nt siRNAs derived from an intronic LIR
with ∼5-kb, formed by the chalcone synthase (CHS) genes
CHS1 and CHS3, targeted other CHS genes to regulate the
seed coat color of soybean (7,15,16). Additionally, in our
previous study, we conducted sRNA sequencing of the flag
leaves of a rice F2 population derived from a self-cross of an
elite rice hybrid (10,17) and found that the presence/absence
variations of two LIRs (with 15 012-bp and 3013-bp in
length) were associated with expression variations of siR-
NAs derived from the LIRs in the F2 population (10).

Despite the vital biological roles as identified above, func-
tionally studying LIRs and their derived siRNAs is still a
great challenge, since there lacks a database that houses
a comprehensive collection of LIRs across diverse species.
Equally important, it is in urgent need for a database to
facilitate the identification of LIRs underlying phenotype
variations in confidence intervals delimited by QTL map-
ping and GWAS (genome-wide association study), and to
allow the alignment of user-uploaded sRNA sequencing
data to all collected LIRs, with the aim to identify LIRs
encoding long hpRNAs and siRNAs. Although valuable ef-
forts from different research groups were made in the iden-
tification of LIRs and long hpRNAs in different organisms
(18,19), they only focused on very limited species (20–22).
To make it short, there is no database up to now designed
for genome-wide identification and annotation of LIRs and
long hpRNAs across a wide range of species.

In this study, we identified a total of 6 619 473 LIRs in the
whole genomes of 424 eukaryotes and constructed LIRBase
(https://venyao.xyz/lirbase/), a comprehensive collection of
LIRs across diverse eukaryotic genomes, with the aim to fa-
cilitate the annotation and identification of LIRs encoding
long hpRNAs and siRNAs. Users can browse and search
LIRs in LIRBase by genomic locations, LIR identifiers, or
sequence similarities. LIRBase also provides friendly func-
tionalities to allow users to upload and align sRNA se-
quencing data to all collected LIRs, perform differentially
expression analysis of LIRs or sRNAs, and visualize the
predicted secondary structure of long hpRNAs encoded by
LIRs.

DATA COLLECTION AND METHODS

Collection of eukaryotic genomes

The whole-genome sequences and genome annotations
of 77 invertebrate metazoa genomes and 208 vertebrate
genomes were downloaded from Ensembl (https://www.
ensembl.org) (23). The genome sequences and annotations
of 44 plant genomes were extracted from Gramene (http:
//www.gramene.org/) (24). The other 95 plant genomes were
obtained by searching PubMed and NCBI for featured
plant species. As a result, a total of 424 eukaryotic genomes
were collected (Supplementary Table S1).

Identification of LIRs in eukaryotic genomes

We tested several tools including detectIR (25), findIR (26),
Inverted Repeats Finder (IRF) (20) and Lirex (27) to iden-
tify LIRs, and found that IRF is the only tool that was
able to identify LIRs with imperfectly matched arms longer
than 600 bp. On the contrary, detectIR and findIR were
used to identify inverted repeats shorter than 100 nt, devel-
oped based on the commercial software MATLAB (25,26).
Lirex was able to identify LIRs with long internal loops,
but failed to identify LIRs with long arms harboring mul-
tiple mismatches and indels between each other (27). In re-
ality, growing evidence shows that the 3.1-kb LIR reported
in Drosophila (5) as well as the 15 012-bp and 3013-bp LIRs
reported in rice (10) can only be identified by IRF. As a re-
sult, IRF (http://tandem.bu.edu/irf/irf.download.html) was
utilized to identify inverted repeats in the genomes of 424
eukaryotes with recommended parameters (‘2 3 5 80 10 40
500000 100000 -d -f 500’) (20). The first three numbers are
the match weight, the penalty for mismatches and indels
used to perform Smith–Waterman local alignment when
searching for complementary matched sequence pairs. With
the recommended parameters, a minimum of 80% sequence
matches, a maximum of 10% indels, and a minimum align-
ment score of 40 were required for the alignment between
the two arms of identified LIRs. A maximum of 500 000-nt
arm length and a maximum of 100 000-nt loop length were
allowed in the identification. Two 500-nt flanking sequences
at the upstream and downstream of the identified LIR were
also reported. To remove short inverted repeats, potential
miniature inverted-repeat transposable elements (MITEs)
and Alu elements, the results of IRF were further filtered
by requiring both arms of an inverted repeat longer than
400 nt, which is the arm length of typical RNAi transgenes
depending on canonical RNAi factors to generate siRNAs
resembling LIR-derived siRNAs (28). The output of IRF
included a plain text file, reporting the genomic locations
and sequences of the two arms for all LIRs, and the com-
plementary mismatches and indels between the two arms
of all LIRs. The hairpin structures of all LIRs identified by
IRF were reported in a HTML file, which was further pro-
cessed by an in-house R script. Finally, genomic locations
and other information of all LIRs, sequences of both arms
and the loop of all LIRs and hairpin structures of all LIRs,
were stored in three separate files.

Construction of the LIRBase database

The R/Shiny framework was employed to build the LIR-
Base database (29,30). R is a prominent programming lan-
guage for data science, which is extensively used in biologi-
cal data analysis and bioinformatics (29). Shiny, an R pack-
age for building powerful web applications (30), has been
widely used to construct biological databases and data anal-
ysis platforms (31,32). In brief, an R/Shiny application is
mainly composed of two R scripts, viz., server.R and ui.R.
Specifically, ui.R is used to define the graphical interface of
LIRBase to receive input from the users, including data up-
loading and parameters settings. By compiling R code into
HTML, CSS, and JavaScript code, ui.R was programmed
to design the appearance and page layout of LIRBase. Sim-
ilarly, ui.R was utilized to design HTML widgets such as
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radio buttons, action buttons, download buttons, check-
boxes, and slider input, which function as basic building
blocks of LIRBase. server.R monitors all user inputs from
ui.R, performs the calculation, and then displays the re-
sults in the graphical interface of LIRBase. The source code
of LIRBase is freely available at https://github.com/venyao/
LIRBase.

Annotation of transposable elements in the genome of Oryza
sativa L. cv. Minghui 63

A manually curated transposon library of the rice genome
was provided by the EDTA package (https://github.com/
oushujun/EDTA), which is a comprehensive pipeline for
de-novo annotation of transposons and generation of high-
quality non-redundant TE libraries (33). RepeatMasker
(https://www.repeatmasker.org/) was then utilized to anno-
tate the transposons in the genome of Oryza sativa L. cv.
Minghui 63 (MH63) with the transposon library provided
by EDTA (34).

DATABASE CONTENTS AND FEATURES

Identification and characterization of LIRs in eukaryotes

We conducted the LIR identification in 424 eukaryotic
genomes across 374 species by utilizing Inverted Repeats
Finder (IRF) (see details in Data Collection and Methods;
Figure 1A) (20). As a result, a total of 6 619 473 LIRs, in-
cluding 297 317 LIRs in 77 invertebrate metazoa genomes,
1 731 978 LIRs in 139 plant genomes and 4,590,178 LIRs
in 208 vertebrate genomes, were identified and deposited in
LIRBase. The median size of LIRs was 3320-nt in inver-
tebrate metazoans, 7910-nt in plants, and 7426-nt in ver-
tebrates, respectively (Supplementary Figure S1). In gen-
eral, the number of LIRs identified in different genomes
was positively correlated with the size and complexity of
the genome (Figure 1B). By comparing and clustering 30
423 LIRs identified in five different rice genomes, we found
that only 6616 LIRs (∼30.0%) were shared by the indica and
japonica subspecies (Supplementary Notes and Figure S2).
Collectively, further characterizations of LIRs in seven dif-
ferent species (Arabidopsis thaliana, Brachypodium distrac-
tion, Brassica napus, cucumber, soybean, maize, as well as
rice) revealed that LIRs are highly divergent between dif-
ferent species (Supplementary Notes). A thorough com-
parison between 6325 LIRs and transposable elements in
a rice genome MH63 disclosed that a large proportion of
LIRs were formed by adjacent transposons with identical
or very similar sequences located in complementary strands
(Supplementary Figure S3 and Table S2) (34). Neverthe-
less, many LIRs were found to be overlapped with protein-
coding genes in the genome (Figure 1C, Supplementary Ta-
ble S3). For about half of all 139 plant genomes, >25% of
the LIRs in these genomes were found to be overlapped with
genes (Figure 1C). For example, the arms of 877 LIRs in the
genome of MH63 were covered by 1113 genes with ≥70%
sequence coverage. A further comparison revealed that a
total of 7918 splicing sites of 2340 mRNAs were covered
by the arms of 2076 LIRs (Supplementary Table S4). More
than half of the 2076 LIRs were overlapped with at least two
splicing sites of mRNAs.

To make all identified LIRs publicly available, we con-
structed LIRBase, housing a comprehensive collection of
6 619 473 LIRs in 424 eukaryotic genomes. In LIRBase,
thus, each LIR has a wealth of relevant information, includ-
ing its identifier, nucleotide sequence, hairpin structure, ge-
nomic location, genomic coordinates of the left/right arm,
the left/right arm length, the loop length, the percentage of
sequence matches between the two arms, the percentage of
indels between the two arms, and the overlaps between the
LIR and genes. All identified LIRs across 424 eukaryotic
genomes can be searched by the genomic locations or the
IDs of LIRs (Figure 2A), which are publicly accessible and
downloadable at https://venyao.xyz/lirbase/.

LIRBase also features online identification and annota-
tion of LIRs for user-input sequences, which is achieved
by equipping with IRF that is a command-line tool to de-
tect inverted repeats in user-input DNA sequences (20).
LIRBase provides a user-friendly interface to accept user-
uploaded sequences of interest (Figure 2B). Various widgets
are designed to allow users to set the parameters, including
the penalty of complementary mismatches and indels be-
tween the two arms of the LIR, the maximum arm length,
the maximum loop length allowed for the LIR, and so on.
The results of IRF, including hairpin structures, genomic lo-
cations, and sequences of all annotated LIRs, are displayed
on the web page in a table format, which can also be down-
loaded as plain text files. We further implemented a graph-
ical interface to enable users to search LIRs by sequence
similarities using BLASTN in LIRBase (35). Individual
BLASTN database was built for LIRs identified in each
of the 424 eukaryotic genomes. Searches between the input
DNA sequences and one or multiple BLASTN databases
can be conducted. The BLASTN results were displayed in
a data table, with each row representing a BLASTN hit and
containing the alignment details and the relevant LIR.

Detection of candidate LIRs encoding long hpRNAs and siR-
NAs

Large amounts of siRNAs can be generated from LIRs.
However, an LIR can not necessarily be transcribed into a
long hpRNA and siRNAs. Alignment of high-throughput
sRNA sequencing data to LIRs of a specific genome is the
best approach to identification of candidate LIRs encod-
ing long hpRNAs and siRNAs, by detecting the origina-
tion of siRNAs from LIRs. Towards this end, LIRBase is
also capable to detect LIRs-encoding siRNAs; it accepts
high-throughput sRNA sequencing data and then aligns
the data to LIRs of a given genome utilizing Bowtie (Fig-
ure 2C) (36). For efficiency, the input data should be read
count of distinct sRNAs rather than the raw sequencing
data. For each sRNA, we allow a maximum of 100 align-
ment hits, which can be easily adjusted in LIRBase. By de-
fault, no mismatches are allowed for each alignment, which
can also be adjusted. By allowing a single mismatch in the
alignment, we observed a higher A-to-G mismatch rate in
the alignment results of three independent sRNA sequenc-
ing datasets from Oryza sativa (17), Arabidopsis thaliana
(GEO accession number GSM1533527), and Drosophila
melanogaster (GEO accession number GSM4990861). This
was probably caused by potential A-to-I RNA editing in
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Figure 1. Overview of LIRs deposited in LIRBase. (A) Depiction of the biogenesis pathway of siRNAs from an LIR. The structure of the LIR is represented
by two red arrows with an internal grey loop. siRNAs derived from the LIR are displayed as points with different colors along the arms of the LIR. The
expression levels of siRNAs are indicated by their heights along the vertical axis. (B) Correlation between the number of LIRs and the genome size in
invertebrate metazoa (n = 77), plant (n = 139) and vertebrate (n = 208). The correlation coefficient (r) and the P-value (P) of correlation test are indicated
in each plot. (C) Percentage of LIRs overlapped with genes for genomes of different categories are displayed as violin plot and dot points. The purple cross
indicates the median value in each plot.

the double-stranded RNA precursors of siRNAs derived
from LIRs (Supplementary Figure S4) (37,38). The whole
alignment by LIRBase can be downloaded as a plain text
file for further processing. For a specific LIR, the alignment
summaries are displayed in a tabular manner, including the
number of sRNAs, the number of sRNA reads, the percent-
age of 21-22-nt sRNAs, the percentage of 24-nt sRNAs, and
the total read count of sRNAs aligned to each LIR that can
be used to quantify the expression level of LIRs. LIRBase
also provides visualization functionalities to plot the align-
ment of all the siRNAs (Figure 2C), the expression level
(TPM) of each siRNA and the structure of LIR. In addi-
tion, the percentage of sRNAs aligned to different parts of
the LIR (arms, loop, and the flanking sequences) are also re-
ported. All these results can be filtered in a user-customized
manner, with the purpose to help users identify candidate
LIRs encoding long hpRNAs and siRNAs.

Differential expression analysis of LIRs or sRNAs

Conditioning of gene expression level is an important ap-
proach regulating various biological processes to respond
to the changing environment (39). Differential expression
analysis of protein-coding genes or non-coding RNAs has

been extensively used to identify candidate genes underly-
ing various phenotype variations (40). We implemented a
graphical interface in LIRBase for users to conduct differ-
ential expression analysis of LIRs or sRNAs between dif-
ferent biological samples/tissues utilizing DESeq2 (Figure
3A) (41). A read count matrix of all expressed LIRs/sRNAs
in different samples and a sample information table should
be prepared as the input data for DESeq2. The result of dif-
ferentially expressed LIRs/sRNAs was listed in a data table,
which was also downloadable as a plain text file. A volcano
plot was generated to visualize and identify differentially ex-
pressed genes between different conditions (Supplementary
Figure S5). In addition, a heatmap of sample-to-sample dis-
tances was created to demonstrate the similarities between
different samples regarding whole-genome gene expression
levels.

Prediction of mRNA targets of siRNAs encoded by an LIR

It was reported that siRNAs derived from LIRs can trig-
ger the cleavage of their complementary mRNA targets to
repress their expressions (5–7). As a result, we developed
an analysis module in LIRBase to identify the mRNA tar-
gets of siRNAs generated from a single LIR through de-
tecting the complementary matches between siRNAs and
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Figure 2. Features and web interfaces for LIR search, annotation and identification. (A) Search LIRBase by genomic locations. (B) Annotate LIRs in
user-input DNA sequences. (C) Identify candidate LIRs encoding hpRNAs and siRNAs by aligning sRNA sequencing data to LIRs.

the cDNA sequence of protein-coding genes (Figure 3B).
Bowtie (36) was utilized to perform the alignment of siR-
NAs to the cDNA sequences of a specified genome. The
alignment result was further processed to report the num-
ber of all species of siRNAs, 21-nt siRNAs, and 22-nt siR-
NAs that were complementary aligned to each mRNA tar-
get, separately. The functional annotation of each mRNA
was also extracted and displayed in the result.

Visualization of secondary structure of LIR-encoded
hpRNAs

RNAs can form complex secondary structures, which are
critical to their biological functions. The secondary struc-
ture of candidate long hpRNA encoded by an LIR is crit-
ical to the biogenesis of siRNAs from the LIR. There-
fore, LIRBase was also implemented with RNAfold (42),
a widely used tool to predict and visualize the secondary
structure of RNAs (Figure 3C). LIRBase accepts an LIR’s
DNA sequence as input and outputs its predicted secondary
structure as a plain text file of dot-bracket notation. The
plain text file of dot-bracket notation and the centroid sec-
ondary structure in PDF format can be freely downloaded
for downstream analysis.

CASE STUDIES

Analysis of the sRNA sequencing dataset of a rice F2 popu-
lation

In our previous study (17), we reported the sRNA sequenc-
ing of an immortalized F2 (IMF2) population, derived from

a cross between Oryza sativa L. cv. Zhenshan 97 (ZS97) and
MH63, which are the parents of an elite rice hybrid Shanyou
63 (SY63). Using the ‘Quantify’ and ‘DESeq’ features of
LIRBase, we identified 159 candidate LIRs encoding long
hpRNAs and siRNAs in MH63, as well as 201 differentially
expressed LIRs between MH63 and SY63 (Supplementary
Tables S5–S6 and Figures S5–S7). We next aligned the se-
quences of 1,805,909 sRNA expression traits identified in
the previous study to the LIRs of ZS97 and MH63 (10,17).
We identified 1055 candidate LIRs encoding 106 744 sR-
NAs in the IMF2 population, by requesting each LIR cov-
ered by ≥100 sRNAs and ≥80% of the sRNAs derived from
the arms of the LIR. Based on the QTL analysis results of
the 1 805 909 sRNAs, we retrieved 37 489 QTLs regulating
the expression of 34 492 sRNAs derived from LIRs. It was
found that more than 300 sRNAs were regulated by each
of the eight QTL hotspots represented by molecular mark-
ers Bin359, Bin795, Bin903, Bin1556, Bin454 (OsDCL2a),
Bin827, Bin1139 (OsDCL2b) and Bin1325 (Figure 4A). The
majority of sRNAs regulated by the QTL hotspots except
for Bin454 and Bin1139 were aligned to an LIR located in
the corresponding QTL hotspot (Figure 4B and C, Sup-
plementary Figures S8–S13). Notably, variations were de-
tected between these LIRs in the parental genome, leading
to significant differences in the species and expression lev-
els of siRNAs derived from the LIRs between the parental
genomes. For example, the LIR present in Bin827 of ZS97
genome was totally absent from the genome of MH63. As a
result, sRNAs regulated by Bin827 were highly expressed in
ZS97 but were missing or lowly expressed in MH63 (Figure
4B and C).
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Figure 3. Features and web interfaces for LIR analysis, visualization and download. (A) Differentially expression analysis of LIRs between different
samples. (B) Predict mRNA targets of siRNAs encoded by an LIR. (C) Visualize secondary structure of LIR-encoded hpRNAs. (D) Download datasets
from LIRBase.

Identification of a candidate LIR involved in disease resis-
tance in rice

To investigate the expression profiles of LIRs and identify
candidate LIRs involved in disease resistance in rice, we re-
analyzed a sRNA sequencing dataset published in a previ-
ous study (43). sRNA sequencing was conducted with the
pathogen (Xoo PXO99)-infected and mock leaves (treated
by water) of Oryza sativa L. cv. Nipponbare at 2, 6, 12 and
24 h postinfection (hpi) (44). Processed sRNAs of all eight
libraries were aligned to the LIRs of Nipponbare in LIR-
Base, separately. Based on similar criteria used in the anal-
ysis of sRNA sequencing data of MH63, we identified an
average of 187 LIRs (ranging from 129 to 230) encoding
long hpRNAs and siRNAs in the eight libraries. A total of
280 LIRs were identified by taking together the results of
all eight libraries. We observed an LIR that was highly ex-
pressed in pathogen-infected leaves at 6 hpi but was barely
expressed in the other seven libraries (Figure 4D). This
LIR was formed by two adjacent germin-like protein (GLP)
genes (LOC Os02g29000 and LOC Os02g29010) (45). A
total of 1,278 siRNAs were derived from this LIR, 56.3%
of which were 21-22 nt (Figure 4E). The majority of the
1278 siRNAs were aligned to the left arm of this LIR, har-
boring more than 110 SNPs against the right arm of the
LIR (Supplementary Figure S14). Using the ‘Target’ fea-
ture of LIRBase, we found that a cluster of GLP genes on
chromosome 8 of the Nipponbare genome were targeted by

siRNAs derived from this LIR (Supplementary Table S7).
This gene cluster was reported to function as a major-effect
QTL conferring broad-spectrum disease resistance in rice
(46). Powered by LIRBase, these results demonstrated that
this identified LIR was most likely involved in the regula-
tion of disease resistance in rice.

DISCUSSION AND FUTURE DIRECTIONS

Evidence has accumulated that LIRs as well as their de-
rived functional siRNAs exert important biological roles in
plants and animals (5–9). In this study, we built the first
database hosting a comprehensive collection of LIRs iden-
tified in 424 eukaryotic genomes. We observed consider-
able discrepancy in the sequences of LIRs between differ-
ent species/subspecies, which in turn resulted in significant
variations in species and expression levels of sRNAs among
different individuals. These results implied that LIRs con-
tributed greatly to sequence diversity between different
genomes, which may play vital roles in genome evolution
(19,47). We chose to remove LIRs related with Alu elements
or MITEs from LIRBase by requiring a minimum length of
400 nt for both arms of an LIR, as LIRs and their derived
sRNAs related with Alu elements or MITEs are distinct
from typical LIRs focused by LIRBase (3,22,48,49). How-
ever, this may also mistakenly remove a genuine LIR from
LIRBase. Nevertheless, LIRBase provides a great resource
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Figure 4. Two case studies of LIRBase. (A) Number of QTL represented by the 1567 markers of the rice F2 population (17). Each marker corresponds
to a genomic region denoted as a filled bar. The width of the bar represents the size of the genomic region. The y axis is in square root scale. Adjacent
chromosomes are represented with different colors. QTL hotspots regulating the expressions of more than 300 sRNAs are denoted in red color. (B)
Expression of sRNAs from Oryza sativa L. cv. ZS97 aligned to LIR oszp.Chr06:8488487–8489207,8489358–8489990 in Bin827. (C) Expression of sRNAs
from Oryza sativa L. cv. MH63 aligned to LIR oszp.Chr06:8488487–8489207,8489358–8489990 in Bin827. (D) Expression profile of 280 LIRs in pathogen-
infected and mock leaves (treated by water) of Oryza sativa L. cv. Nipponbare. CK, control (treated by water). Xoo, infected by Xoo. hpi, hours post
infection. (E) Expression of sRNAs derived from ospp.Chr2:17165190–17165728,17167637–17168175 in pathogen-infected leaves of Nipponbare at 6
hours post infection.
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for comparative investigation of LIRs in different genomes
and in-depth exploration of potential roles of LIRs in evo-
lution, adaption, and phenotype variation (Figure 3D). Im-
portantly, LIRBase not only allows users to browse and
search LIRs in any of the 424 eukaryotic genomes, but also
provides friendly web functionalities to facilitate users to
perform various analyses on LIRs and their derived siR-
NAs. Clearly, as testified by the two case studies, LIRBase
bears the great utility for in-depth investigation and char-
acterization of LIRs in diverse species. Therefore, future di-
rections of LIRBase include the identification and integra-
tion of LIRs in a larger number of genomes. In addition,
we plan to use a shorter arm length threshold for LIRs and
remove potential Alu repeats and MITEs by thorough iden-
tification of Alu repeats in primate genomes and MITEs
in all eukaryote genomes. We also plan to characterize the
expression profiles of LIRs and the origination of siRNAs
from LIRs by aligning publicly available sRNA sequencing
data to all collected LIRs in LIRBase. In addition, more
user-friendly interfaces and tools will be frequently updated
and enhanced, with the purpose to provide users with more
straightforward and interactive functionalities. We believe
these features of LIRBase will greatly facilitate the anno-
tation and functional studies of LIRs and the derived siR-
NAs.
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