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Abstract

Small noncoding RNAs (sRNA/sncRNAs) are generated from different genomic loci and play important roles in biological
processes, such as cell proliferation and the regulation of gene expression. Next-generation sequencing (NGS) has provided
an unprecedented opportunity to discover and quantify diverse kinds of sncRNA, such as tRFs (tRNA-derived small RNA
fragments), phasiRNAs (phased, secondary, small-interfering RNAs), Piwi-interacting RNA (piRNAs) and plant-specific 24-nt
short interfering RNAs (siRNAs). However, currently available web-based tools do not provide approaches to
comprehensively analyze all of these diverse sncRNAs. This study presents a novel integrated platform, sRNAtools (https://
bioinformatics.caf.ac.cn/sRNAtools), that can be used in conjunction with high-throughput sequencing to identify and
functionally annotate sncRNAs, including profiling microRNAss, piRNAs, tRNAs, small nuclear RNAs, small nucleolar RNAs
and rRNAs and discovering isomiRs, tRFs, phasiRNAs and plant-specific 24-nt siRNAs for up to 21 model organisms.
Different modules, including single case, batch case, group case and target case, are developed to provide users with flexible
ways of studying sncRNA. In addition, sSRNAtools supports different ways of uploading small RNA sequencing data in a very
interactive queue system, while local versions based on the program package/Docker/virtureBox are also available. We
believe that sRNAtools will greatly benefit the scientific community as an integrated tool for studying sncRNAs.
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Introduction

Inrecent years, in addition to microRNAs (miRNAs), many impor-
tant small noncoding RNAs (sncRNAs) have been identified in
animals and plants and shown to play important cellular roles,
such as in the regulation of gene expression, RNA processing and
cell proliferation. For example, tRFs (tRNA-derived small RNA
fragments) are small noncoding RNAs generated from mature
or precursor transfer RNAs (tRNAs). They are observed in almost
every branch of life [1] and play important roles in the regulation
of gene expression [2]. The 24-nucleotide small-interfering RNAs
(24-nt siRNAs), which account for a large percentage of the total
plant siRNA pool, play crucial roles in guiding plant-specific
RNA-directed DNA methylation to transcriptionally silent
transposon elements, transgenes, repetitive sequences and
some endogenous genes [3, 4]. PhasiRNAs, phased, secondary,
small-interfering RNAs, are another type of sncRNA that are
common in plants and that have been well described for
their ability to function ‘in trans’ to suppress target transcript
levels [5].

Next-generation sequencing (NGS) has been widely used in
the high-throughput characterization of small noncoding RNA
transcriptomes. It has offered an unprecedented opportunity
to discover and quantify small RNAs and to identify differ-
entially expressed small RNA transcripts under various con-
ditions. There is a range of publicly available tools for small
RNA transcriptome analysis from high-throughput sequencing
data, such as miRDeep [6], Mireval [7], miRNAkey [8], miRana-
lyzer [9], miRTRAP [10], DSAP [11], CAP-miRSeq [12], miRspring
[13], tRF2Cancer [14], tDRmapper [15], DARIO [16], ncPRO-seq
[17], ShortStack [18], DeAnnlIso [19], PhaseTank [20], mirPRo [21],
miRge 2.0 [22] and miRquant 2.0 [23]. However, to the best of our
knowledge, the focus of most of these available tools is directed
toward miRNAs and their functionalities. Although some inte-
grated tools have been developed to study sncRNA, such as CPSS
2.0 [24], mirTools 2.0 [25], the UEA sRNA workbench [26], Oasis
2.0 [27], Unitas [28], sRNAnalyzer [29], sRNAtoolbox [30, 31] and
SPAR [32], a comprehensive and convenient web-based tool to
identify and analyze diverse kinds of sncRNA and their potential
functions in different species is still lacking.

Here, we present sRNAtools (https://bioinformatics.caf.ac.cn/
sRNAtools or https://bioinformatics.sc.cn/sRNAtools), which can
be used to identify and functionally annotate diverse kinds of
sncRNA for up to 21 model species (including human, mouse,
Arabidopsis, rice, etc.), including (i) profiling of miRNAs, Piwi-
interacting RNA (piRNAs), piRNA-producing loci (piRNA cluster),
tRNAs, natsiRNA, small nuclear RNAs (snRNAs), small nucle-
olar RNAs (snoRNAs) and rRNAs and (ii) discovering isomiRs,
novel miRNAs, tRFs, plant-specific 24-nt siRNAs and phasiRNAs.
sRNAtools also provides web-based approaches to detect sncR-
NAs in multiple transcriptomes. Meanwhile, sSRNAtools supports
the uploading of data of diverse formats, including collapsed
FASTA format, FASTQ format and inputs of GSM IDs/SRR IDs
and accessible links. sSRNAtools uses several JavaScript libraries
(such as igv.js and forna.js) to make the web interfaces more
interactive and intuitive. We believe that sRNAtools is a very
comprehensive and convenient sncRNA analysis web tool and
will greatly benefit the study of sncRNAs.

Analysis workflow
Data sources

Precursor and mature tRNA sequences were downloaded from
the GtRNAdb database [33]. miRNA precursor sequences and

other known small noncoding RNA sequences were retrieved
from the latest miRBase database (release v22.0) (http:/www.
mirbase.org/) and latest RFAM database (release v14.0) [34]
(Supplementary Table S1), respectively. mRNA sequences and
gene annotations were downloaded from the Phytozome
database (v12.1) [35] for plant species and the Ensembl database
[36] for other species. The IncRNA sequences were obtained
from NONCODE [37] and CANTATAdb [38]. circRNA sequences
were retrieved from CIRCpedia v2 [39], CircFunBase [40] and
PlantcircBase [41]. Natural antisense transcripts (NATs) were
downloaded from RNAcentral [42] and PlantNATsDB [43]. piRNAs
and the loci that produce them were retrieved from piRBase
[44] and piRNAclusterDB [45], respectively. Plant 24-nt siRNA-
producing loci were obtained from PIn24NT [46]. Sequences con-
taining tRNA genes and 100 bp downstream of the 3'-end of such
genes were extracted as precursor tRNA genes. For mature tRNA
sequences, the introns were removed and ‘CCA’ was added to the
3-end of the tRNA gene sequences. The fully supported species
for different RNA classes (miRNA, tRNA, piRNA/24-nt siRNA,
piRNA/24-nt siRNA-producing sites, IncRNA, circRNA, NAT,
snRNA, snoRNA and rRNA) include human, mouse, rat, zebrafish,
chicken, pig, rhesus, fly, Caenorhabditis elegans, Arabidopsis,
rice, maize, soybean and tomato (Supplementary Table S1 and
S2). Other sncRNAs, including tRF, isomiR, novel miRNA and
phasiRNA, can be detected ab initio based on RNA libraries and
genome sequences.

To functionally annotate the sRNA target genes, several pop-
ular gene functional datasets were collected, including the Gene
Ontology (GO) and KEGG pathways from clusterProfiler package
[47], Reactome pathways from ReactomePA packages [48] and
Disease Ontology, Network of Cancer Gene and DisGeNET dis-
ease genes from DOSE packages [49]. The functional datasets
from the Molecular Signatures Database (MSigDB) [50] were also
included, which contains chemical and genetic perturbation
genes, microRNA target motifs, cancer gene neighborhoods, can-
cer module genes, oncogenic signature genes and immuno-
logical signature genes. Gene functional interaction data were
obtained from the STRING database [51].

Overview of sRNAtools workflow

The overall workflow of sRNAtools is shown in Figures 1 and
2. The sRNAtools web server provides four functional modules:
single case, batch case, group case and target gene case. The
single-case module allows users to identify and profile diverse
sncRNAs for a single sample. The batch-case module allows
users to submit multiple samples at the same time. The group-
case and target-gene-case modules are designed to study poten-
tial sncRNA functions by analyzing their differential expression,
sncRNA targets and target gene function enrichments. Finally, all
of the results are shown in interactive tables and figures on the
web page, which are all available for downloading in different
forms.

Small RNA-seq data pre-processing

Cutadapt (v1.18) in Python (v2.7) is used to sequentially trim
5 and 3 adapters from raw reads of a FASTQ file. FASTX-
Toolkit is then utilized to trim and filter reads with low quality
(Q20 as the default setting). Users can input the adapters or
choose the adapter type from several small RNA sequencing
protocols, including smRNA-seq [52], ENCODE microRNA-
seq [53], ENCODE small RNA-seq [53] and single-cell small
RNA-seq [with unique molecular identifiers (UMI)] [54]. For
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Figure 1. Overall sSRNAtools workflow.

smRNA-seq, three protocol types are provided: TruSeq small
RNA (-a TGGAATTCTCGGGTGCCAAGG), lllumina v1.0 small RNA
(-a TCGTATGCCGTCTTCTGCTTG) and lllumina v1.5 small RNA (-
a ATCTCGTATGCCGTCTTCTGCTTG). For ENCODE microRNA-seq,
the parameter for Cutadapt is ‘-a ACGGGCTAATATTTATCGGTG-
GAGCATCACGATCTCGTAT -g CAGTCG -g TGACTC -g GCTAGA -g
ATCGAT’. For ENCODE small RNA-seq, four different options are
provided: ENCODE3 (-a TGGAATTCTC), A_Tailing No_Barcode
(-a AAAAA -e 0), A_Tailing N3 (-a AAAAA -e 0 —clip_R1 5)
and A_Tailing N4 (-a AAAAA -e 0 —clip_R1 6). For single-cell
small RNA-seq, a pipeline (https://github.com/eyay/smallseq)
is integrated in sRNAtools to remove UMI and adapters.
Furthermore, the web server can estimate the adapters based
on highly abundant miRNA sequences in the relevant species
and enable the automatic detection of quality type (Phred33
or Phred64). The reads of lengths within the predefined range
(18-45 as the default) are kept for downstream analysis. In the
quality control step, cross-species contamination checking is
performed based on miRTrace [55].

sncRNA identification and expression profiling

After adapter trimming, low-quality filtering and contamination
checking [55], the clean sequencing data are mapped to a refer-
ence genome and different RNA sequence libraries using Bowtie
(v1.2.2) [56] (http://bowtie-bio.sourceforge.net). In this process,
a maximum of one mismatch (-v 1) is allowed, and the best

alignments of reads with no more than 20 hits (-a -m 20 -
best -strata) are reported as the default setting. To measure
expression, all small RNA reads/tags reported when mapping
against the respective RNA library are selected to calculate read-
s/tags per million (RPM/TPM) for each RNA. For miRNA, tRNA,
PiRNA or 24-nt siRNA, a separate multiple mapping thresh-
old can be set by users due to their different constitutions
of repeats, with 10, 30 and 50 multiple mapping times as the
default thresholds. The mapped tags are then used to identify
and profile sncRNAs, including miRNAs, piRNAs, tRNAs, snRNAs,
snoRNAs, rRNAs and other sncRNAs, based on the constructed
libraries (Figure 1). If the sequencing reads can map to multi-
ple types of RNA libraries, the priority order of miRNA, tRNA,
PiRNA, snRNA, snoRNA, rRNA, mRNA, IncRNA, circRNA and NAT
is used. For tRF identification, the reads aligned to precursor
tRNA genes and mature tRNA sequences with the same strand
as the source tRNA are used for tRF analysis. To distinguish
actual tRFs from random degradation fragments, the binomial
test is utilized [14]. The algorithm for identification of the tem-
plated and non-templated 5'-isomiRs and 3'-isomiRs is based
on isomiR2Function [57]. Plant-specific 24-nt siRNA is identified
using the algorithm implemented in PIn24NT [46]. For novel
miRNA identification, two commonly used programs, miRD-
eep [6] and Mireap (http://mireap.sourceforge.net/), are imple-
mented based on genome-mapped reads that cannot be mapped
to any RNA libraries. PHASIS (v3.0) [58] is implemented to detect
phasiRNA and phasiRNA loci.
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Figure 2. Screenshots of sSRNAtools outputs. The outputs typically contain four types of information: the basic mapping statistics of tags, sncRNA list and annotation,
differential expression list and annotation and sncRNA target gene list and functional enrichments.

Detection of differential expression

To compare differentially expressed sncRNAs between two sam-
ples (without replicates), DEseq [59] and edgeR [60] can be used
to infer the statistical significance of differential expression [61].
Meanwhile, the difference in expression between two experi-
mental groups with multiple samples/replicates can be analyzed
using DEseq [59], DEseq2 [60], edgeR [62], Wilcoxon’s rank-sum
test [61] and Student’s t-test. As the default, a sncRNA is con-
sidered to be significantly differentially expressed when the P
value is <0.05 and the fold change is at least 1.5-fold relative
to normalized read counts. The read/tag counts of identified
sncRNAs are normalized to the total number of small RNA reads
that are matched to all mapped reads in each sample [reads/tags
per million (RPM/TPM)].

Analysis of target genes

To identify target genes of sncRNAs, sRNAtools implements
four widely used miRNA target prediction tools [Tapirhybrid
(v1.1) [63] and Targetfinder (v1.0) [64] for plant species, and
RNAhybrid (v2.2.1) [65] and miRanda (v1.9) [66] for other species].

The parameters can be set by users for each target prediction
tool. Various functional gene enrichments are further used to
explore the potential biological function of predicted targeted
genes, including GO [67] and KEGG pathway for all supported
species, and Reactome pathway, Disease Ontology, Network of
Cancer Gene, DisGeNET disease genes and MSigDB functional
gene sets for human, mouse, rat, zebrafish, fly and C. elegans
(Supplementary Table S1). In this functional enrichment pro-
cess, the GO annotation terms and pathways of predicted targets
are first extracted from the relevant annotation dataset, and
then Fisher’s exact test is used to perform enrichment analy-
sis (P value <0.01 as the default). Meanwhile, the gene func-
tional network of target genes can be visualized interactively in
netviewer [68].

sRNAtools web service
Data inputs

The single-case and batch-case modules allow users to submit
small RNA sequencing data, GSM sample IDs from the GEO
database (https://www.ncbi.nlm.nih.gov/geo), SRR sample IDs
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from the SRA database (https://www.ncbi.nlm.nih.gov/sra) or
accessible web links of their data. In the single case, when
uploading sequencing data, the uploading of data in FASTQ
format is also supported. We added a functionality in the web
server to support different small RNA sequencing protocols that
use different adapters when constructing the sequencing library
[such as smRNA-seq [52], ENCODE short total RNA-seq [53],
ENCODE miRNA-seq [53] and single-cell small RNA-seq (with
UMI)] [54] when the users upload a raw FASTQ file.

It is recommended that the file be in collapsed FASTA format
or a FASTA file in zip or gz compressed format to speed up
the uploading. The maximum upload size for a single file is
as large as 3 Gb. The header for collapsed FASTA format is in
the form of ‘>seql_160’, where ‘seql’ is a user-definable unique
ID and ‘160’ represents the frequency of tags in seql. In the
group-case module, the single-case analysis job IDs are required
as inputs, and each group should contain at least one sample.
When a single-case analysis job ID is given, the web server will
retrieve the corresponding sncRNA list file automatically. The
target analysis module can be used to analyze sncRNA target
genes and their potential functions. After the submission of
data, the data analysis queue system provides users with a
job ID that can be used to retrieve the results once the job is
finished.

Users can set a length interval in advance, and only the
tag sequences within this interval (18-45 nt as the default)
will be considered for sncRNA detection. Meanwhile, sSRNAtools
provides many other useful parameters, such as the number of
allowed mismatches (with the default of a maximum of one
mismatch) and the multiple mapping times in tag sequence
mapping. Two parameters, P value (<0.05 as the default) and
minimum tag abundance (>20 RPM as the default), can be set by
users to define high-confidence tRFs from random fragments.
To detect sncRNAs that are differentially expressed between
samples, the desired statistical significance in terms of P value
threshold and fold change in normalized sequence counts can
be defined by users. All input web pages are organized with
examples to help users achieve correct inputs.

Data outputs

All sRNAtools outputs are presented in intuitive web interfaces,
which typically contain the following information: (i) basic map-
ping statistics of small RNA tags, including cross-species taxon
distribution (contamination evaluation), tag length distribution,
tag distribution among different RNA types and tag chromo-
some position distribution; (ii) sncRNA result lists, expression
and/or statistical plots of miRNAs, tRFs, tRNAs, rRNAs, snR-
NAs, snoRNAs, isomiRs, novel miRNAs, 24-nt siRNAs, piRNAs
and phasiRNAs; (iii) list of differentially expressed sncRNAs
and expression dot-plots; and (iv) sncRNA target genes and
target functional annotation (Figure 2). Note that all tags can be
shown in addition to the most abundant tags in sncRNA result
lists.

Using tRFs as examples, the basic mapping statistics include
pie summary charts of tags mapping on tRNAs, pie summary
charts of tags mapping on four tRF regions of tRNAs (5'-end, 3'-
end, internal and 3'-trailer), distribution charts of small RNA tag
lengths, distribution charts of mapped tags on different tRNA
isotypes and distribution charts of mapped tags on different
tRNAs (Figure 2). Note that, as in miRNA profiling procedures
in other miRNA tools (e.g. mirTools [61]), all charts for basic
mapping statistics are based on the frequency of unique reads
and the expression level of total reads (the number of reads for
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each tag). The tRF result list provides a detailed annotation for
each detected tRF, including tRF type, source tRNA, tRF length,
location of tRF on the tRNA, absolute tag count, normalized
RPM (reads per million) expression value, tRF sequence and the
detection P value. A link to a detailed information page is also
included for each tRF, in which the sequence alignments of tRFs
aligned to source tRNAs are shown in tabulated format, while the
location of tRFs on tRNA secondary structures is also displayed
by Forna.js [69].

In group-case study, if there are no replicates, the outputs
contain the list of differentially expressed sncRNAs and plots
of the correlation of expression between the two samples. The
list of differentially expressed sncRNAs contains the expression
values of the two groups, the expression fold change, up/down
tags and the differential expression P value. If replicates are
provided, the sncRNAs differentially expressed between the two
groups are listed and the annotation of the group expression list
contains the expression value of each sample, the expression
fold change, up/down tags and the statistical P value. Further-
more, in pages on the differential expression for a group-case
study, target gene analysis can be performed directly based on
the differentially expressed sncRNAs. The sncRNA target output
contains the list of predicted sncRNA target genes and their
functional annotation with enrichments of Gene Ontology, KEGG
pathways and other pathways. Meanwhile, interactive virtual-
ization of the interaction network of target genes is also provided
in the target output web page.

Comparison with other integrated sRNA tools

Given the small size of sSRNA high-throughput sequencing data,
there is a range of publicly available tools for integrated small
RNA transcriptome analysis from high-throughput sequencing
data, such as DARIO [16], ncPRO-seq [17], the UEA sRNA
workbench [26], CPSS 2.0 [24], mirTools 2.0 [25], Unitas [28],
Oasis 2.0 [27], sRNAnalyzer [29], sRNAtoolbox [30] and SPAR
[32] (Supplementary Table S3). However, to the best of our
knowledge, the main focus of these available tools is directed
toward a limited subset of sRNAs or a limited number of
functionalities.

In addition to the most extensively studied microRNAs, many
important small noncoding RNAs (sncRNAs) have recently been
identified in animals and plants, which play very important
cellular roles, such as tRFs, the 24-nucleotide small-interfering
RNAs (24-nt siRNAs) and phasiRNAs. A comprehensive and
convenient web-based tool to identify and analyze all of these
diverse sRNAs and their potential functions in different species
is still lacking. sSRNAtools can not only profile known RNAs based
on different available RNA libraries (Supplementary Table S3),
such as of miRNA, piRNA, tRNA, rRNA, snRNA and snoRNA,
but also identify other sRNAs ab initio, such as novel miRNAs,
isomiRs, tRFs, 24-nt siRNAs and phasiRNAs, which are not
easily identified by genomic overlapping methods. In the
identification of tRFs, a binomial test is utilized, which can
distinguish high-confidence tRFs from random degradation
fragments.

Although some tools such as Oasis and sRNAtoolbox with
multiple functionalities have been developed, the functional
modules are not integrated with each other. In contrast, SRNA-
tools provides a one-stop analysis function for convenient sSRNA-
seq data analysis. For the data input, sSRNAtools supports a total
of four different ways for users to submit their data and provides
a very interactive queue system to analyze data. sRNAtools also
supports the data uploading in the batch model while local
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versions are also available, which can help users to analyze the
data on their own servers. The outputs of most existing tools are
not intuitive and interactive for users, especially users without
bioinformatics expertise. sSRNAtools integrates many JavaScript
libraries, which makes manipulation easier and enables the
output results to be shown in a user-friendly way. All of the tables
and figures in the results pages can be downloaded in different
formats, such as png, jepg, pdf and svg for figures, and xls,
txt, csv and pdf for tables. Other specific features of sRNAtools
include that (i) it can check the cross-species contamination by
miRTrace, especially in studies of clinical and field parasitology
and food quality control; (ii) igv.js is used for the first time to
show the small RNA tag mapping in the web page; and (iii)
Docker is used to construct the local version, which is easily to
be installed and configured.

Comparison with comprehensive sncRNA databases for
human

To better illustrate the constitution of the data in sRNAtools, we
also compared the dataset in sSRNAtools with other comprehen-
sive small RNA databases for human (Supplementary Table S4),
including DASHR [52], DASHR 2.0 [70] and GENCODE [71]. DASHR
2.0 is an updated version of DASHR, which contains the highest
number of RNA records for miRNA, tRNA, snRNA, rRNA and
scRNA, while sRNAtools contains the highest number of records
for piRNA, snoRNA, IncRNA and circRNA. sRNAtools uses statisti-
cal methods to identify tRFs ab initio, enabling many more tRFs to
be identified with statistical confidence. Besides, SRNAtools can
also identify other sncRNAs for human, such as isomiR and novel
miRNA, which is not available in DASHR. GENCODE contains the
smallest number of sncRNA records.

Validation using public datasets

miRNAs have been implicated in brain development and neuron
functions, and the miRNA malfunction has been revealed in
many neurological disorders. In part due to the cellular hetero-
geneity in neural circuits, the mechanisms of miRNA have been
difficult to study. To systematically study miRNAs in neurons,
Miao et al. firstly used the Cre-loxP binary system in mice to tar-
get cell types. Next, using deep sequencing and qPCR validation,
they revealed that several miRNAs show distinct expression pro-
files in glutamatergic and GABAergic neurons and subtypes of
GABAergic neurons in the neocortex and cerebellum [72].In total,
7,23 and 10 differentially expressed miRNAs were validated by
gPCR in comparisons of Purkinje cells versus whole cerebellum,
Camk?2a versus Gad2 samples and PV versus SST samples. By
analyzing deep-sequencing data of this study (GSE30286), SRNA-
tools can successfully identify all of the validated differentially
expressed miRNAs (Supplementary Table S5).

Transfer RNAs (tRNAs) are subjected to numerous RNA mod-
ifications, which can directly control their folding and stability
[73]. N7-methylguanosine (m’G) at nucleotide 46 (m’G46) is
one of the most prevalent modifications and has important
physiological functions in mammals. Deficiency of the m’G
tRNA methyltransferase METTL1/WDR4 complex results in
neurological disease [74]. A total of 22 m’G modifications were
identified in mammalian systems, and knockout of METTL1
was shown to greatly impact the stability of 22 m’G tRNAs
[the exception being cysteine (Cys)] [75]. Based on public
small RNA sequencing data of Mettll knockout and control
in mouse embryonic stem cells (mESCs) (GSE112670), tRNA
expression profiling by sRNAtools showed that the majority of

m’G tRNAs (18/22) showed significant differential expression
(Supplementary Table S6). When knocking out Mettll, most
of the m’G tRNAs were downregulated, indicating that the
stability of m’G tRNA was indeed affected. The finding that
Cys tRNAs were upregulated was unexpected, although this is
consistent with the report of Shuibin et al. [75] (Supplementary
Table S6).

tRFs have been reported in many diseases, such as epilepsy
and developmental disorders [76, 77]. Qing et al. utilized deep
sequencing and gPCR to demonstrate that the level of small RNA
fragments derived from tRNAs strikingly increased in ischemic
ratbrain [78]. A variety of tRNA-derived small RNAs were profiled
in response to ischemia, among which ValCAC, GlyGCC, HisGTG,
ValAAC, GlyCCC, GIuTTC and GluCTC showed highly differential
expression and ValCAC and GlyGCC were confirmed by qPCR
and northern blotting. By using the same deep-sequencing data
(GSE70473), sRNAtools successfully showed similar results, indi-
cating the high specificity of sRNAtools in tRF identification
(Supplementary Table S7).

Phased small-interfering RNAs (phasiRNAs), a class of
sncRNA that is widespread in the plant kingdom, are derived
from cleavage fragments with 21- or 24-nt intervals from
precursor RNA transcripts. In Arabidopsis, several genomic
loci were reported to generate phasiRNAs [20, 79]. Many more
phasiRNA loci have been revealed in monocots, such as 463 21-
PHAS and 176 24-PHAS loci in maize fertile anthers [80]. Based on
small RNA-seq data from different Arabidopsis tissues obtained
from the GEO database, sRNA can successfully detect all of the
phasiRNA loci reported (Supplementary Table S8). The results
also indicate that the activity of phasiRNA shows different
dynamics among different Arabidopsis tissues. In addition,
by using the 32 samples of small RNA-seq data (GSE52293),
sRNAtools can cover 71.5% of 21-nt phasiRNA loci and 68.2%
of 24-nt phasiRNA loci in smRNA-seq data obtained from maize
fertile anthers (Supplementary Figure S1).

Data upload speed and analysis speed evaluation

To test the data upload and analysis efficiency, we uploaded the
dataset used as described above (Supplementary Table S9) to the
HPC server from both China and the USA. The sizes of sam-
ples GSE30286 (18 samples), GSE112670 (4 samples), GSE70473
(10 samples), Arabidopsis tissues (14 samples) and GSE52293 (32
samples) were 145, 87, 80, 213 and 925 Mb, respectively. The
uploading took 3, 2, 2,4 and 16 min from China, and 7,5, 5,11 and
45 min from the USA, respectively. It is expected that the speed
is higher in China due to the server being located in China. The
data analysis times were about 38 min, 21 min, 12 min, 56 min
and 5 h and 20 min, respectively.

Case studies

Woody plants provide large amounts of biomass, which can
serve as raw material for the production of renewable energy and
other commercial products. Poplar is a model system to study
woody plants. miRNAs play important roles in the formation of
poplar wood [81, 82]. To fully understand the characteristics
of poplar sncRNAs, especially in wood formation, we used
sRNAtools based on sRNA-seq to study sncRNAs in all poplar
wood tissues (xylem, phloem and cambium) and leaves sRNA-
seq data have been deposited in GEO database under accession
number GSE139897. The mapping statistics showed that (i) tRNA
tags are relatively more abundant in xylem; (ii) miRNA tags
are highly abundant in leaves; and (iii) 24-nt siRNA tags are


https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbz151#supplementary-data

A 100%

sncRNAtypes

I 24-nt siRNA
I IncRNA

] miRNA

B mRNA

I natRNA

I other mapping
I other sncRNA
B RNA

I snoRNA

[ snRNA

I tRNA

75%

50%

Percentages

25%

0%

sncRNA discovery and profiling with sRNAtools | 469

600000
550000
500000

& 450000

E 400000

@ 350000
Q
® 300000
o
& 250000
200000
150000
100000
50000
0

e

Phloem2
©- Phloem3

-a- Cambium2 - Leaf2
-#: Cambium3 - Leaf3

o Xylem1
-4 Xylem2

~+ Phloem1 v~ Cambium1 - Leaf1

22 23 24
sncRNA length

25

Figure 3. Mapping statistics and length distribution of small RNA tags among poplar xylem, phloem, cambium and leaf tissues. Each tissue has three replicates, except
for xylem with two replicates after filtering out a low-quality replicate. (A) Mapping statistics among different RNA types. (B) Length distribution for different sncRNA

tags.

A1100000 -~ Xylem1 -« Phloem2 -=- Cambium2 -=- Leaf2 C
1000000 -4 Xylem1 -o- Phloem3 -% Cambium3 -# Leaf3
~+- Phloem1 v Cambium1 -+~ Leaf1
C 900000
o
= 800000
& 700000
@ 600000
o 500000
[}
O 400000
®©
@ 300000
m 200000
100000
0 s _— e

Xylem
Phloem
Cambium
Leaf

B

tRF type (P < 0.01) Unique frequency

tRF-5 107
tRF-3 103
tRF-2 12
tRF-1 (0}
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high expression dynamics of tRFs in woody tissues.

relatively more abundant in cambium (Figure 3A). Accordingly,
the length distribution showed three clear peaks at 19, 21 and
24 nt in xylem, leaf and cambium, respectively (Figure 3B).
After careful checking, we found that the 19-nt peaks mainly
represent tRFs, indicating the importance of tRFs in xylem
development (Figure 4). The miRNA expression revealed that
several miRNAs known to be associated with wood development
(e.g. mir-167 and miR475b) were expressed at low levels in
wood tissue compared with the levels in leaves, indicating
their negative regulatory roles in wood formation (Figure 5A).
Meanwhile, we also identified significantly more novel miRNAs

in cambium (P =0.023), which is in accordance with its highly
dynamic cellular status (Figure 5B). The integrated novel miRNA
list and associated detailed information (abundance, target
gene, mapping between miRNA and target region, and the
secondary structure of the precursor, etc.) are available at https://
bioinformatics.caf.ac.cn/sRNAtools/result_ptc_novel.php. The
24-nt siRNAs are also more abundant in cambium, although the
P value is not significant. In comparison with other gramineous
monocots, poplar contains a small number of phasiRNAs and
woody tissues generate lower levels of phasiRNAs than leaves
(Figure 5B).
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Figure 5. Identification and profiling of other sncRNAs in poplar woody tissues. (A) miRNA expression heatmap. (B) Novel miRNA, phasiRNA and their loci and 24-nt

siRNA identified among different tissues.

Implementation

The web server is hosted within a PHP/Apache environment
under a Linux system and is equipped with four hexadeca-core
(64 cores) Intel Xeon processors (2.1 GHz each) and 512 GB of
RAM. The back-end pipeline is implemented in the Python/Perl
language, and some plots are drawn by R (http://www.r-project.
org). Several JavaScript libraries, including JQuery (https://jquery.
com/), DataTable (https://datatables.net), Highchart (https://
www.highcharts.com), Fornac.js [69] and igv.js [83], were used
to create dynamic and interactive data visualization in web
browser interfaces, which provide users with a highly intuitive
interface for manipulating the tool and viewing the analysis
results.

Perspectives

In addition to miRNAs, other important sncRNA molecules
have been discovered in the functional genomics era. High-
throughput sequencing greatly facilitates study of the small
RNA transcriptome and offers an effective method to com-

prehensively investigate sncRNAs in genomes. However, the
convenient detection and profiling of all of these sncRNAs
from large amounts of sequencing data remain a challenge.
Therefore, we developed an automated and easy-to-use web
service, SRNAtools, for research communities to identify, profile
and functionally annotate sncRNAs based on high-throughput
sequencing. Currently, sSRNAtools supports 21 model reference
genomes across vertebrates, insects, nematodes and plants.
More species will be supported in the future. The specific
RNA annotation for some species, such as piRNA annotation
for chimpanzee, is still not available. When the relevant data
become available in a public database, they will be added to
sRNAtools. Furthermore, the data in sRNAtools will be updated
regularly to keep pace with changes in the source databases.
We also developed a local pipeline, Docker (https://www.docker.
com), and a VirtualBox (https://www.virtualbox.org) version of
sRNAtools, which are available to download on the download
web page. Recently, more and more RNA modifications have
been revealed in sncRNAs. A sncRNA modification identification
function will be developed in sSRNAtools. Overall, we believe that
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sRNAtools will greatly benefit the scientific community as an
integrated tool for studying sncRNAs.
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Key Points

® Diverse kinds of sRNA/sncRNA can be comprehen-
sively identified, profiled and functionally annotated by
sRNAtools for up to 21 model species.
Different modules, including single case, batch case,
group case and target case are developed to provide
users with flexible ways of studying sncRNA.
sRNAtools supports different ways of uploading small
RNA sequencing data in a very interactive queue sys-
tem, while local versions are also available.
® Very user-friendly and interactive web interfaces are
provided by sRNAtools to present the obtained results,
which greatly facilitate the study of sncRNAs.
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