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CHAPTER 4 
 
 

hibeRNAte: a framework for plant small RNA analysis 

 

Lionel Morgado and Frank Johannes 

 

Abstract 

Non-coding small RNAs (sRNAs) have emerged as important players in the regulation of plant 

and animal genomes. Plants produce a diversity of sRNA species with distinct roles in 

transcriptional and post-transcriptional silencing.  Deep sequencing of total sRNA 

populations (sRNA-seq) from various developmental stages, cell types and experimental 

treatments has established itself as a powerful approach for dissecting basic sRNA biology. 

However, the detection and classification of functional sRNA from sRNA-seq data requires an 

arsenal of computational tools which are currently dispersed over the internet. Although 

there have been efforts to combine multiple computational modules into  single analysis 

frameworks, the platforms created so far are mainly geared toward microRNAs, thus  

overlooking many other sRNA classes, such as trans-acting (ta)-siRNA, natural antisense 

transcript (nat)-siRNA and heterochromatic (hc)-siRNA, which differ from microRNAs in their 

biogenesis, structure and function. To overcome this limitation, we present hibeRNAte, a 

general computational pipeline for plant sRNA analysis. The hibeRNAte framework 

integrates state-of-the-art algorithms for sRNA detection and characterization, including the 

first public tool for the analysis of hc-siRNA. The platform can be deployed online or 

executed locally as a standalone application. A showcase and source code are available at 

http://hibernate.lionelmorgado.eu. 
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4.1 Introduction 

Small RNAs (sRNAs) have emerged as key regulators of plant development and plant-

environment interactions [23]. Despite their biological importance, many aspects of sRNA 

biogenesis and function remain poorly understood [194]. Functional sRNA sequences can 

have an endogenous source, but they can also be derived from external sources such as 

bacteria and viruses [75, 226], or be artificially synthesized in the laboratory [227, 228]. Plant 

sRNAs can be broadly divided into two main groups: those originating from a single-stranded 

RNA precursor capable of forming stem-loop structures, and those produced from double 

stranded RNA. MicroRNAs (miRNAs) – the most popular type of sRNA – belong to the first 

group, while small interfering RNAs (siRNAs), including secondary sRNA such as the trans-

acting (ta)-siRNA, natural antisense transcript (nat)-siRNA and heterochromatic (hc)-siRNA, 

belong to the second group. Sequence analyses of mature sRNA indicate that specific 

properties such as length, 5’ and 3’ k-mer composition are important determinants of sRNA 

function, because they affect the loading of sRNA sequences into specific types of plant 

Argonaute proteins (AGOs), which then help guide sRNA to their target sites [193, 207].  

Deep sequencing of total sRNA populations (sRNA-seq) has become a routine method for 

studying basic sRNA biology. Numerous sRNA-seq experiments have been performed at 

different stages of plant development, cell types and experimental treatments [229–232]. 

Although sRNA-seq datasets are rapidly accumulating in the public domain, the detection 

and classification of functional sRNA from sRNA sequencing products remains 

computationally challenging. Part of this challenge is attributable to the fact that most 

bioinformatic methods for sRNA-seq analysis are streamlined for the identification of 

functional miRNA, thus leaving the majority of sRNA sequencing products uncharacterized. 

Indeed, there are currently no automated pipelines capable of detecting and classifying all 

classes of sRNAs in a single computational framework. For this reason, sRNA categorization 

can be a laborious task that typically demands gathering and running numerous 

independently distributed tools each designed for a separate sRNA class. 

Only a handful of pipelines have been developed that try to combine multiple functionalities 

for plant sRNA examination (see Table 4.1), but these often have several limitations that 

preclude comprehensive studies. To address this computational bottleneck, we present 

hibeRNAte, a general computational pipeline for plant sRNA analysis. The hibeRNAte 
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framework integrates state-of-the-art algorithms for sRNA detection and classification, 

including the first public tool for the analysis of hc-siRNA, plus a set of tools for downstream 

studies. Since hibeRNAte relies on the R Shiny engine, it can run locally as a standalone 

application or be deployed online as a webservice. 

 

4.2 Description of the framework and its individual modules 

The hibeRNAte platform constitutes a comprehensive computational resource for the 

characterization of sRNA. It merges specialized software programs for the analysis of miRNA, 

ta-siRNA, nat-siRNA and hc-siRNA into a single analysis pipeline. hibeRNAte currently 

features ten independent modules (Figure 4.1): 

1. DB search: detection of experimentally validated sRNA; 

2. Map to reference: determining and characterizing sRNA mapping loci; 

3. De novo categorization: detection and characterization of new sRNA; 

4. AGO-affinity prediction: inference of AGO-sRNA binding affinity; 

5. Target prediction: prediction of transcriptional and post-transcriptional sRNA targets; 

 

 

Table 4.1. Overview of the main functionalities offered by publicly available frameworks applicable to 

plant sRNA analysis. mi: microRNA; ta: ta-siRNA; nat: nat-siRNA; hc: hc-siRNA; TS: transcriptional silencing; 

PTS: post-transcriptional silencing. 
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mi ta nat hc TS PTS 

1 hibeRNAte This work X X X X X X X X X X X X 

2 UEA sRNA workbench Stocks et al, 2012  X X X     X X   

3 sRNAtoolbox Rueda et al, 2015  X X      X X X  

4 omiRas Müller et al, 2013  X X      X X  X 

5 plantDARIO Patra el al, 2014   X X      X   

6 ncPRO-seq Chen et al, 2012  X X          

7 SePIA Icay et al, 2016  X X      X X  X 

8 psRobot Wu et al, 2012   X    X  X X   

9 mirTools 2.0 Wu et al, 2013  X X       X X X 

10 CPSS 2.0 Wan et al, 2017   X      X X X X 

11 SeqBuster Pantano et al, 2009  X X      X X   

12 isomiR2Function Yang et al, 2017  X X      X X X  
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6. Differential analysis: computation of significant variation in sRNA read counts 

between two sets; 

7. Gene Ontology (GO): determination of significantly enriched go terms in lists of 

genes; 

8. Network analysis: construction of sRNA-based networks; 

9. In silico simulation: detection of sRNA prototypes shared among regions; 

10.   Utility tools: data preprocessing, filtering and format conversion. 

All ten modules are accessible through a web-based interface, and are described in more 

detail in the sections below. 

 

4.2.1 DB search: detection of experimentally validated sRNA 

This module searches for experimentally validated sRNA in lists of user provided sequences. 

A query can be performed against public databases of miRNAs (miRBase) or ta-siRNAs  

(tasiRNAdb). To our knowledge there are currently no databases dedicated to other sRNA 

categories present in plants, like nat-siRNA or hc-siRNA. 

The short read aligner BWA [119] is used in this task. As output the user obtains a list of 

recognized mature sequences accompanied by hyperlinks to online resources for each 

detected sRNA. 

 

4.2.2 Map to reference: determining and characterizing sRNA mapping loci 

The list of unrecognized sequences is commonly mapped to a reference genome. This 

approach is useful for separating sequences by their source (endogenous or exogenous) and 

for identifying potential sequencing artifacts. In this module, sRNA sequences can be 

mapped to a pre-loaded reference genome, or alternatively, to a user-provided reference. In 

addition to the mapping coordinates, the module provides annotations - if available - such as 

the presence of genes, gene promoters, transposable elements and the existence of natural 

antisense transcripts. As in the previous module, the output is accompanied by hyperlinks to 

online resources with additional information. Both FASTA and sequence tags are supported 

as input formats, and data can be introduced through text file uploading or through a text 

box from the graphical user interface. Additionally, a user can provide a table of read counts 
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Figure 4.1. Modules available in hibeRNAte. Given the flexibility of the framework and the possibilities 

combining diverse modules, alternative workflows can be designed beyond the present scheme. Inputs and 

outputs are signed by blue boxes. Arrows indicate possible workflow directions. 
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per sRNA which the system converts into counts per annotations like gene promoters, gene 

bodies, transposable elements, etc. 

 

4.2.3 De novo categorization: detection and characterization of new sRNA 

Often, sequencing experiments capture sRNAs for which there is no information and that 

therefore remain uncharacterized. A de novo categorization is recommended in such cases 

to clarify the present of novel meaningful instances. There are numerous algorithms 

available for plants to perform such task [233]. hibeRNAte implements a module that calls 

ShortStack [118], one of the most complete packages in the field, to detect clusters of reads, 

determine phasing patterns, identify putative hairpins and miRNA candidates. 

 

4.2.4 AGO-affinity prediction: inference of AGO-sRNA binding 

Although sRNA loading to a plant Argonaute protein (AGO) is known to be an essential step 

in transcriptional and post-transcriptional silencing, the only computational tool that 

currently provides  information about putative AGO-sRNA kinship is psRobot [184], a 

software package that queries a sRNA-seq meta-analysis database of AGO mutant lines. Still, 

this approach is limited to previously detected sequences. By contrast, hibeRNAte is able to 

predict AGO-sRNA associations based on the sequence features of a given sRNA, and 

therefore does not depend on previously detected instances. These predictions are obtained 

from learned classifiers, which are implemented in SAILS [193]. A score is provided to 

quantify the likelihood that a given sRNA loads into a specific class of AGO proteins, and this 

information is used to infer whether the sRNA functions at the transcriptional or at the post-

transcriptional level. 

 

4.2.5 Target prediction: inferring transcriptional and post-transcriptional 

silencing 

The vast number of potential sRNA targets in a given plant genome makes experimental 

validation often challenging or even impractical. Target prediction is therefore an important 

aspect of sRNA analysis, as it narrows down the list of candidates for follow-up work. 
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hibeRNAte determines potential sRNA targets at two levels: 1. transcriptionally (TS) via RNA-

directed DNA methylation (RdDM), and 2. post-transcriptionally (PTS) by messenger RNA 

cleavage or translation inhibition. 

The historically strong interest in PTS, has led to the development of numerous algorithms 

for miRNA and sRNA PTS target prediction. Although most of these tools are dedicated to 

animals, several algorithms tailored to plants also exist. TAPIR [178] is one such example. 

TAPIR is bridged to the hibeRNAte platform, where users can select its fast and its precise 

flavors. In both options, two kinds of inputs must be provided by the user: a list of candidate 

sRNAs and a list of potential targets. In house plant annotated genes are available to be 

tested as sRNA targets, or alternatively, the user can provide target transcripts to be used via 

a FASTA file. As output, the system shows all results provided by TAPIR in a table format. 

sRNA target prediction involved in TS is more challenging, as the precise mechanisms are not 

fully understood. To our knowledge, there is no unambiguous experimental validation of any 

specific hc-siRNA, and hence the exact properties for this kind of sRNA are unknown. As a 

result there are currently no tools capable of predicting potential silencing targets of a given 

hc-siRNA. To address this limitation, hibeRNAte maps sRNA to a database of genomic regions 

that have been shown to lose methylation in A. thaliana mutants lacking the RdDM-

associated DNA methyltransferase DRM2 [166]. The output of this module includes detailed 

information on the mapping loci, plus the annotations where the sRNA fall. Since DRM2 

affected regions used in hibeRNAte are based on A. thaliana data, the target predictions for 

putative hc-siRNA will currently not be valid for other plant species. One option to extend 

this framework to include other plant species is to subselect DRM2 affected regions that 

show strong sequence conservation with the species used for analysis. Downstream, the 

AGO-sRNA affinity prediction module can be invoked to identify sRNA that associate with 

AGO4/6/9, the AGO families involved in the RdDM pathway.  

 

4.2.6 Differential sRNA analysis: determining significant read changes 

between experiments 

Statistically significant differences in read counts among two treatment sets are calculated 

for individual instances defined as sRNA sequences or any other kind of criteria such as 

annotations. 

4 
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Two popular algorithms can be found in hibeRNAte: DESeq2 [234] and edgeR [235]. Both 

algorithms can be selected in the same run to obtain a consensus in terms of their results. A 

table of counts with data from two experimental conditions must be provided, in line with 

what is the typical input for these algorithms. 

 

4.2.7 Gene Ontology: enrichment for gene ontology terms 

After determining which genes show the strongest variation in sRNA concentration, GO 

analysis can be used to test for enrichment in functional categories. To do this, hibeRNAte 

requires a list of user-provided gene ids, and calls the R library “topGO” [236]. The analysis 

can be focused on terms that encompass biological processes (BP), cellular components (CC) 

and molecular function (MF). GO enrichment can also be determined for species without 

well-defined annotations by means of a bootstrap procedure implemented to use 

Arabidopsis as a reference. 

 

4.2.8 Network analysis: sketching sRNA networks 

There is accumulating experimental evidence that sRNAs can form complex regulatory 

networks [22]. Given a list of genomic regions, hibeRNAte can convert this set into networks 

interconnected by a sRNA. It is possible to construct these networks using only regions 

located in trans (i.e. on different chromosomes), in cis (i.e. on the same chromosome) or 

based on all regions together. The output includes a downloadable file containing all 

detected networks in a format compatible with the cytoscape [237] program for more 

detailed analyses and visualizations. 

 

4.2.9 In silico simulation: detecting sRNA prototypes bridging two genomic 

loci 

Conservation principles have been used successfully in the past for in silico searches of 

putative sRNA in the absence of sRNA data and as a proof of concept. In this module, 

sequence similarity is measured among a set of user-provided genomic sequences to detect 

sRNA prototypes that respect known properties of mature sequences under a given user 

defined length. 



85 

 

4.2.10 Utility tools: data preprocessing, filtering and format conversion 

To facilitate the hibeRNAte workflow this module provides functionalities that encompass: 

read library preprocessing, data format conversion and multiple data filters. 

 

4.3 Working examples 

To illustrate the usefulness of hibeRNAte we analyzed sRNA libraries from a 

transgenerational stress experiment with dandelions (NCBI Sequence Read Archive (SRA 

study SRP096310, BioProject accession number PRJNA360587)) [232]. 

After preprocessing a total of eight sRNA libraries, namely four control and four drought 

libraries, these were mapped to a reference. We uploaded as reference the transcriptome 

from dandelions which was previously annotated with A. thaliana genes. The files with the 

read counts per genes obtained were afterwards merged using the utility tools, to create a 

 

Figure 4.2. The hibeRNAte interface and some results from analytical examples. (A) Screenshot of the 

hibeRNAte main menu; (B) Impression of the stress-related gene ontology terms enriched in the dandelion 

lines from the transgenerational experiment; (C) Output from the mature sRNA database search performed 

with dandelion putative miRNA. 

 

4 
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table that served as input for a differential expression analysis between control and drought-

stressed lines. The 5% genes with the highest increase in sRNA abundance comparing 

drought lines against control lines were then subject to a gene ontology analysis with a 

bootstrap correction. It was observed that the subset of genes mapping strongest shifts in 

sRNA abundance were significantly enriched for biological processes related with stress 

imposed to the ancestors confirming the transgenerational transmission of sRNA stress-

related marks. 

Next, dandelion sRNAs were annotated using one of the sRNA libraries and the dandelion 

transcriptome. A de novo sRNA search resulted in 17 bona fide miRNA that were then used 

as queries against the database of known sRNA from all plants, confirming a total of 8 

mature miRNA in dandelions with nearly perfect homologues in other plant species and 9 

novel units. 

 

4.4 Discussion 

The hibeRNAte framework integrates a comprehensive set of tools for plant sRNA analysis. 

Its simple interface makes use intuitive and its modular nature gives users the flexibility to 

define their own workflows. The inclusion of simple filtering options in the results and the 

provision of links to external online resources add another dimension to the usefulness of 

the framework. Importantly, this is to our knowledge the first framework that includes 

specific modules for AGO-sRNA affinity prediction, hc-siRNA analysis and sRNA in silico 

simulation. These modules facilitate the identification and characterization of high 

confidence sRNA sequences, plus their sorting according to their potential to participate in 

TS or PTS pathways. 
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