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Abstract

RNA secondary (2D) structure visualization is an essential tool for understanding RNA function. R2DT is a software package designed to visualize
RNA 2D structures in consistent, recognizable, and reproducible layouts. The latest release, R2DT 2.0, introduces multiple significant features,
including the ability to display position-specific information, such as single nucleotide polymorphisms or SHAPE reactivities. It also offers a
new template-free mode allowing visualization of RNAs without pre-existing templates, alongside a constrained folding mode and support for
animated visualizations. Users can interactively modify R2DT diagrams, either manually or using natural language prompts, to generate new
templates or create publication-quality images. Additionally, R2DT features faster performance, an expanded template library, and a growing
collection of compatible tools and utilities. Already integrated into multiple biological databases, R2DT has evolved into a comprehensive platform
for RNA 2D visualization, accessible at https://r2dt.bio.
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Introduction

RNA is a fundamental molecule involved in various biolog-
ical processes, such as translation, splicing, and immune re-
sponse. The versatile nature of RNA is attributed to its ability
to adopt complex tertiary (3D) structures, which facilitate its
diverse functions. However, the intricate 3D structures make
it challenging for nonspecialists to examine RNA structure.
Therefore, 2D diagrams are widely used to capture base pair-
ing information and serve as a proxy for the complete RNA
structure.

For many RNAs, it is essential to use standard, community-
accepted orientations to ensure consistency and clarity in com-
munication. For instance, transfer RNAs (tRNAs) are visu-
alized in a cloverleaf shape with the 5’ end at the top left,
while ribosomal RNAs (rRNAs) are commonly viewed using
standard layouts introduced by the Gutell group [1]. The use-
fulness of standardized layouts is not limited to well-studied
RNAs, as it is often helpful to visualize related RNAs in simi-
lar orientations to facilitate structure comparisons [2].

While there are many software packages and websites
for RNA 2D visualization, including FORNA [3], R2R [4],
R2easyR [5], RiboDraw [6], RNArtist [7], RNAcanvas [8],
RNApuzzler [9], RNAscape [10], VARNA [11], and others,
these tools do not take advantage of the manually curated 2D
diagrams familiar to users, and the resulting 2D structures are
not guaranteed to have similar layouts for related sequences.
R2DT is the only software that can display RNA structures
in consistent, reproducible, and recognizable layouts, particu-
larly for well-established diagrams such as rRNAs and tRNAs.
R2DT ensures that similar RNA sequences are consistently
displayed in uniform orientations, preserving structural corre-
spondence essential for comparative analysis. This layout con-
sistency facilitates the visual identification of conserved motifs
and relationships across related RNA structures. It also pro-
vides a comprehensive set of tools for creating, editing, and
displaying RNA 2D diagrams [12].

R2DT, which stands for RNA 2D Templates, includes a
comprehensive library of templates that represent a diverse
range of RNA types and organisms [12]. Using RNA sequence
as input, R2DT searches the template library to choose the
most suitable template and predicts a 2D structure compati-
ble with it. The sequence and its predicted structure are then
visualized using the Traveler software [13] following the lay-
out of the chosen template.

This paper introduces R2DT 2.0, a new version of the soft-
ware that incorporates multiple new features and improve-
ments based on user feedback. The updated template library
includes almost a thousand new templates and supports the
RNArtist layout engine that minimizes structural overlaps.
The output diagrams can now be edited using specialized on-
line software, including by using natural language prompts,
and a new template-free mode makes it possible to visual-
ize any given 2D structure. R2DT is integrated into multiple
widely used databases and is available as a web server, an API
[14], a standalone program, and an embeddable web compo-
nent, creating a comprehensive platform for RNA 2D struc-
ture visualization.

Materials and methods

Overview of the R2DT pipeline

R2DT accepts input sequences in FASTA format, with an op-
tional line for 2D structure in dot-bracket notation that can
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include pseudoknots. Originally developed for version 1.0, the
general architecture of the R2DT pipeline involves two main
steps: template selection and the generation of 2D diagrams.

Template selection

R2DT includes a library of 2D templates, each containing an
RNA sequence, its 2D structure, and x, y coordinates for every
nucleotide. If no 2D structure is provided by the user, then
the input sequences are searched against the template library
in several stages. Any sequences that do not find a match at
any given stage are passed on to the following stages, with a
sequence matching no more than one template.

First, each input sequence is compared to the larger RNA
templates (currently rRNA and RNase P) using BLAST
[15]. Then each sequence is compared against profile hid-
den Markov models (HMMs) of a subset of Rfam families
using Ribovore [16]. Finally, the tRNA models are searched
using tRNAScan-SE 2.0 [17] which internally uses Infernal
searches against a panel of tRNA covariance models and
includes heuristic for pseudogene detection. An additional
tRNA search with the Rfam tRNA model (RFO0005) is also
used to capture any tRNA sequences that have not been an-
notated by tRNAScan-SE. For sequences matching templates,
the 2D structure is predicted using the Infernal cmalign pro-
gram by aligning the input sequences to the template covari-
ance models.

If a 2D structure is provided by the user, a new template
is dynamically created using R2R [4] or RNArtist [7] (see be-
low for more information about the new template-free mode).
Template selection can also be bypassed by specifying the tem-
plate directly via the command line or in the web interface.

Diagram creation

The 2D diagrams are created using the Traveler software,
which uses the Infernal alignment (if available) to map input
sequence to the template coordinates. Traveler computes the
2D structure layout, dynamically rearranging the structure to
accommodate any insertions or deletions [12].

In addition to the standard 2D diagrams, a simplified repre-
sentation of the structure is also produced, with a continuous
line connecting each nucleotide in the sequence. These simpli-
fied diagrams are useful as thumbnail images for web pages
or schematic diagrams.

Pipeline implementation

The R2DT pipeline is implemented in Python and is con-
tainerized using Docker to facilitate dependency management
and ensure reproducibility across platforms. The Docker im-
ages are built using GitHub Actions and pushed to Docker
Hub, with different R2DT versions available under stable tags.
The R2DT Docker images are compatible with Singularity,
LSE, Slurm, Kubernetes, and other computing environments,
and have been successfully deployed in production within the
EMBL-EBI’s Job Dispatcher framework [14] that powers the
R2DT APL

A comprehensive test suite was developed to prevent break-
ing changes. The tests are executed as part of the pipeline and
involve comparing previously generated images with newly
produced ones. The comparisons are performed by converting
the images to greyscale, computing per-channel differences,
and using the Structural Similarity Index. Minor differences,
below a predefined threshold, are accepted as normal, such as
changes in font size or slight shifts in image elements. How-
ever, if code changes result in a significantly different 2D dia-

920z Aenuer 9z uo 1senb Aq £Z95008/2£0+eXB/1/€S/101u. /Ieu/wod dno olwepeoe//:sdiy woly papeojumoq



McCann et al.

gram, the test suite fails. This process ensures that regressions
are detected automatically and early in the development cycle.

Template library

R2DT includes a template library with 4612 2D templates. An
Infernal covariance model [18] is built for each template us-
ing its sequence and 2D structure. These models are used for
both matching input sequences to templates and for predicting
the 2D structure compatible with the selected template. The
template library is continuously updated as new Rfam [19]
releases become available or new templates are submitted by
the community. The current composition of the template li-
brary is discussed in more detail in the ‘Results’ section.

Results

New types of visualizations
Visualizing annotations as data layers

RNA 2D structures are often used to present experimental
results, such as single nucleotide polymorphisms (SNPs), se-
quence conservation, or reactivity. The new version of R2DT
enables users to visualize any position-specific information as
data layers. Each nucleotide of the input sequence can be an-
notated with numeric or textual labels, and a mapping be-
tween colours and labels can be provided. This feature is cur-
rently available only in the standalone version of R2DT and
is not yet accessible in the web-based version.

Internally R2DT uses this functionality to visualize the
alignment quality between a query sequence and a template.
The quality is represented by posterior probabilities calculated
by the Infernal software [18]. Nucleotides with a high proba-
bility of alignment (95%—-100%) are not highlighted while the
rest of the nucleotides are coloured according to the alignment
confidence using a colour-blind safe palette [20].

An example diagram annotated with posterior probabilities
is shown in Fig. 1A, where the coloured circles help to pin-
point species-specific differences between the human and rab-
bit ribosomes. Figure 1B displays DMS reactivities for stem
loops (SL) 1 through 4 from SARS-CoV-2 [21], with higher
reactivities corresponding to the nucleotides not involved in
Watson—Crick base pairs.

Pseudoknot visualization

RNA pseudoknots are structural motifs where non-nested
base pairing interactions form between noncontiguous regions
of the sequence, creating a knot-like structure that plays criti-
cal roles in RNA folding and function. The original version
of R2DT was not able to display pseudoknots, but an up-
dated version of the Traveler software enabled R2DT to in-
clude them in the diagrams. The pseudoknots annotations are
either provided by users or are extracted from the Rfam con-
sensus 2D structures. Upon alignment of a target sequence to
the covariance model using Infernal, the pseudoknot anno-
tation is transferred to the alignment using the cmalign pro-
gram and included in the final 2D diagram. Any number of
pseudoknots can be displayed, for example, Fig. 1C shows
a Cripavirus internal ribosome entry site (IRES) with three
pseudoknots.

Template-free mode

While the key strength of R2DT is the ability to reproduce a
manually curated template, it is also necessary to be able to vi-

sualize RNA structure without pre-defined templates. R2DT
2.0 has a new template-free mode that accepts a sequence and
a 2D structure in dot-bracket notation. The structure is visu-
alized using the R2R [4] or RNArtist [7] software, and the
resulting diagram is used to generate a template and a 2D di-
agram. Figure 1D shows a bridge RNA from E. coli that was
recently discovered [22] and does not yet have a template, but
can still be visualized in a template-free mode.

The output of the template-free mode follows the standard
R2DT format, so it can be used to display position-specific
information or edited by all software compatible with R2DT
(see below). The template can be used to visualize other se-
quences in the same layout, which can be useful for displaying
sequence search results or comparing related RNA structures.
Users can submit new templates to the R2DT template library
using GitHub or build their own template libraries for appli-
cations requiring privacy (see the documentation for detailed
instructions). The template-free mode has already been suc-
cessfully used to visualize RNA structures found in the Hep-
atitis C virus (HCV) genome [23] and in SHAPEwarp-web
[24] to visualize SHAPE reactivities.

The template-free mode significantly expands the utility of
R2DT, as it can be used to visualize any 2D structure, sim-
ilar to programs like VARNA [11] or FORNA [3], but with
added support for interactive editing and other R2DT-specific
features described below.

Interactive editors for R2DT diagrams

In previous versions, users often requested the ability to mod-
ify R2DT output to adjust layouts or add custom annotations.
While R2DT produces Scalable Vector Graphics (SVG) files
that can be edited using any software that supports the SVG
file format, such as Adobe Illustrator or GIMP, these tools lack
specialized features needed for RNA-specific tasks. To address
this, two web-based RNA structure editors, RNAcanvas [8]
and XRNA-React, were integrated with R2DT to facilitate
the creation of publication-quality images (Fig. 2). Both ed-
itors enable users to import/export 2D structures in multiple
formats and select, edit, and format the selected 2D layout
and base pairs, offering a range of features for comprehensive
RNA editing and visualization. Notably, the editors can be
used to create new R2DT templates (see the ‘RNA 2D JSON
Schema format’ section).

XRNA-React

XRNA-React, available at https:/Idwlab.github.io/XRNA-
React, is a web-based tool for editing and visualizing RNA
secondary structures. It is an expanded version of the orig-
inal XRNA software developed by Harry Noller (available
at http://rna.ucsc.edu/rnacenter/xrna/xrna.html but compati-
ble only with a deprecated version of Java). The tool provides
several editing modes, such as selecting single nucleotide, sin-
gle strand, base pair, helix, RNA sub-domain, and entire RNA
molecule, allowing users to make precise adjustments to the
structure.

RNAcanvas

RNAcanvas [8] is available at https:/rnacanvas.app. Sim-
ilar to XRNA-React, it enables rich editing functionality
and provides a high level of customization for fonts, back-
ground colours, labels, and other secondary structure ele-
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Figure 1. (A) A fragment of a rabbit small ribosomal subunit rRNA sequence visualized using the human template with Infernal posterior probabilities
reflecting alignment confidence shown as coloured circles (RNAcentral ID URSO000086855E_9986). The highlighted regions help identify
species-specific differences between the human and the rabbit rRNAs. (B) Normalized DMS reactivities for SLs SL1-SL4 of SARS-CoV-2 (data from [21]).
(C) Cripavirus IRES with three pseudoknots (RNAcentral ID URSO000A7638F_12 136). (D) Bridge RNA from Escherichia coli (INSDC accession
CP147105.1/771271-771455) visualized using the new template-free mode (data from [22]).

ments. RNAcanvas has a built-in motif search tool that fa-
cilitates quick identification of sequences of interest.

RNA 2D JSON Schema format

The interactive editors leverage a new format called RNA 2D
JSON Schema that provides a standardized way of storing
one or more RNA sequences, 2D structure, base pairs in the
Leontis—Westhof notation [25], x, y coordinates, as well as
styling metadata. The file format is implemented using JSON
Schema (https://json-schema.org/), a widely adopted standard
for data exchange that supports validation and consistency
checks.

R2DT generates RNA 2D JSON Schema files as part of its
standard output, and both RNAcanvas and XRNA-React can
import RNA 2D JSON Schema files from local files or via
URLs (for example, the R2DT API or any public file). The
modified diagrams can then be exported in RNA 2D JSON
Schema format.

Conversely, R2DT can use RNA 2D JSON Schema files
as input in order to generate new templates, enabling new
types of workflows. Users can visualize 2D structure using
R2DT in template-free mode, interactively edit the resulting

diagram using RNAcanvas or XRNA-React, download the
results as RNA 2D JSON Schema, and create new R2DT
templates for private use or submission to the R2DT library
(see https://docs.r2dt.bio/en/latest/templates.html for more
information).

We encourage the adoption of this format to foster the de-
velopment of a robust ecosystem of tools for producing and
editing RNA 2D structure diagrams. The schema description
is freely available on GitHub (https:/github.com/LDWLab/
RNA2D-data-schema/) and can be used by any software that
generates RNA 2D structures.

Using natural language for editing RNA 2D diagrams

The rise of large language model (LLM) tools, such as Chat-
GPT, capable of code generation in response to natural lan-
guage inputs, streamlines the creation of natural language
interfaces to programming applications, including RNA 2D
structure software.

A separate version of RNAcanvas (termed RNAcanvas
Code, available at https://code.rnacanvas.app) comes paired
with a custom GPT, developed as part of the R2DT project,
that serves as an ‘Al assistant’ and is capable of generating

920z Aenuer 9z uo 1senb Aq £Z95008/2£0+eXB/1/€S/101u. /Ieu/wod dno olwepeoe//:sdiy woly papeojumoq


https://json-schema.org/
https://docs.r2dt.bio/en/latest/templates.html
https://github.com/LDWLab/RNA2D-data-schema/
https://code.rnacanvas.app

McCann et al.

A H5 c ; < *
U Bases
A
&8 N Auci=2
c \ U c=aG
c [+ A 4 Text
G Uu—A
A A U—A 100 Color
ApU Geu
u . 0 Hatvetca
c=aG
=g 75 | remsire
G=C & poid
GAGCCA 550 a—l: UA Bring to front Send to Rack
c G\ cauy us\
A u,u
R \\\\GA & vt
A 100%  Fl
Accug ccaauecuucau llc
6 Raduas
eflflefllllI11l 1l B [ 100%.| L Color
ACUGC GCGAAGU GG
A ccc G Line Width
A Dushed Line
Bring to Front Send to Back
AU
c ‘G Numsering
AA (.i
GU ]
¢ UAAGUGUA
v e||]ll]le]
G, guuc;nccu
c® &
A C 950
G G
A A
Q Find Moty - 2%0m +
Input/Output Viewport Edit Format Annotate Settings About
B Constraint: | RNA helix v a 5
Labels Only: [ A—U
abels Only pe
] G—C
|’ Ve G_c
Edit helix: ‘ X A
Nucleotides [1, 10] g:g
Contiguously bound to =4 A9
Nucleotides [119, 110] A Cc - -
In RNA molecule "molecule” " %A Y Ce cCCc,
In RNA complex “complex” ?T?T?GIIIJT ‘f‘l“l: ‘]‘ ‘IJT‘I‘ lé
Positions - 9 G—CGCGAUGCCGCA AGUGGACUC CC
x:[31.00 ] ¢—¢ AT ARL TRac
. s 3 g 50
y:[-15.89 ] u=a
6:[-90.00 I 1A &
scale: [20.00 | A u
Flip | fe—g"
S G—U
Color + U—G
A—U
Font . c—G
c—G
cC—G
cC—G
Ugu

Figure 2. (A) Screenshot of the RNAcanvas user interface showing human mitochondrially encoded 12S rRNA (MT-RNR1). The layout and the 2D
structure were generated by R2DT, while the fonts, colour, background, and non-canonical interactions were configured in RNAcanvas. (B) Screenshot of

the XRNA-React website showing a 5S rRNA.

code that leverages the RNAcanvas Code API in response
to natural language inputs from the user. This custom GPT,
available at https://chatgpt.com/g/g-jh8gXtvrC-rnacanvas-ai-
assistant (requires an OpenAl account to access), was created
by inputting the documentation for the RNAcanvas Code API
to the custom GPT. Users should note that any data inputted
into the custom GPT is subject to OpenATI’s privacy policy and
gives OpenAl access to the data.

RNAcanvas Code allows the user to interact with and edit
RNA structure drawings by entering code (self- or LLM-
generated) into the web browser console (a standard fea-
ture of all major web browsers). The users can ask the
RNAcanvas custom GPT to load R2DT results in RNA 2D

JSON Schema format or start with any other RNA 2D struc-
ture. Then the users can edit the structure, for example, by
asking ‘Write code to colour all U residues red.” The user
would copy and paste the code generated by the custom
GPT into the web browser console of the RNAcanvas Code
app to see the result and manually adjust the diagram, if
needed.

Natural language queries from the user can be more com-
plex, such as ‘Write code to find all instances of the motif
‘AGU’, colour them blue and increase their font size to 16
while maintaining the centre points of all bases.” Example
prompts, their outputs, and the corresponding diagrams can
be seen in the Supplementary information.
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Figure 3. Example diagrams illustrating different constrained folding modes in R2DT. The 5S sequence from Halobacteroides halobius is visualized using
a 5S template from Bacillus subtilis (INSDC accession CP003359.1/20186-20360). (A) Default R2DT output without constrained folding. (B) Local folding
mode where RNAfold is used to predict the structure for the insertion relative to the template. (C) Global folding mode with additional base pairs
predicted throughout the structure. (D) An example of using global folding mode with an exclusion mask. In this case all unpaired nucleotides aligned to
the template were prevented from forming base pairs. Predicted base pairs are shown as dashed lines. Changes relative to default output are

highlighted in blue boxes.

Although LLM-generated code is often useful, it can also be
incorrect at this early stage of development and requires that
the user be discerning when making use of it. As the LLM
technology and the available tools continue to evolve, we an-
ticipate that tools like RNAcanvas Code will be built directly
into the user interface to simplify complex and repetitive tasks,
without requiring users to interact with the underlying code.

Pipeline improvements
Faster template selection using BLAST

In previous versions of R2DT, searching through thousands of
templates created a performance bottleneck and increased the
tool’s carbon footprint [26]. The template selection process re-
lied on the Ribovore software [16], which used profile HMM
searches. These searches were computationally intensive, es-
pecially when applied to large models like those for rRNAs.

In R2DT 2.0, a new BLAST-based [15] filtering step has
been developed, significantly improving performance. For ex-
ample, selecting a ribosomal template for a set of 3708 distinct
RNA sequences from the PDB [27] takes an average of 0.4 s
using the new BLAST-based approach compared to 316.3 s
with the previous method (tests conducted on an M2 Mac-
Book Air with 24 GB of RAM). The BLAST-based method
identified 816 templates whereas HMMs found 802.

While the templates selected by each method are not always
identical, they are generally similar, and manual inspection of
the diagrams did not reveal any significant issues. The Rfam

models and tRNAs continue to be analysed with Ribovore and
tRNAScan-SE 2.0 [17], respectively, as these templates typi-
cally derive from shorter RNAs, where BLAST searches may
produce false negatives.

Constrained folding of regions that do not align to templates

While 2D templates are effective at providing the scaffold for
2D layouts, some sequences contain insertions that do not
align to the templates, for example, species-specific extensions
that are absent from the family consensus structure. By default
R2DT displays such regions as unfolded loops (Fig. 3A). In or-
der to predict base pairs for the unfolded regions, R2DT can
now use RNAfold from the Vienna RNA package [28]. There
are three ways of using constrained folding:

1. Local folding: The 2D structure of the insertion relative
to the template is predicted with RNAfold and added to
the diagram (Fig. 3B).

2. Global folding: The entire molecule is folded using
RNAfold with the template structure provided as a con-
straint (Fig. 3C).

3. Global folding with masking: The entire molecule is
folded using RNAfold, but the user can provide an arbi-
trary exclusion mask to prevent any specific nucleotide
from forming base pairs. For example, in Fig. 3D all nu-
cleotides matching the template preserve their original
base pairing state as specified in the template, so that
the nucleotides that were unpaired stay unpaired.
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Table 1. The RNA 2D structure template library in R2DT 2.0

Number of ~ Manually

RNA type Template source templates curated?
Small RNAs Rfam [19] 3805 No
rRNA CRW [1] 661 Yes

RiboVision [34] 31 Yes
fRNA GtRNAdb [17, 35] 91 Yes
RNAse P RNAseP database 24 Yes

29, 36, 37]

Total 4612

New and updated templates

To improve the quality of the output diagrams and keep up
with the new RNAs being discovered, the R2DT template li-
brary continues to grow. Compared to 3647 templates in the
first version, the number of templates increased by 965 in
R2DT 2.0, with Rfam being the largest source of new tem-
plates.

For example, three new templates were developed for
the archaeal Type T RNase P RNA representing the vari-
ants in different phylogenetic clades, namely Caldivirga,
Pyrobaculum/Thermoproteus, and Vulcanisaeta [29]. These
templates replace the Rfam-based template from family
RF02357. In addition, new rRNA templates were included
for tomato (Solanum lycopersicum) [30], Leishmania dono-
vani [31] and Trypanasoma brucei [32, 33]).

While the majority of templates (80%) are generated auto-
matically, manual curation continues to be essential for large
diagrams and RNAs that are commonly visualized in stan-
dard orientations, such as rRNA and tRNA. All templates for
R2DT 2.0 are summarized in Table 1.

RNArtist templates for Rfam families

R2DT automatically generates templates for thousands of
Rfam families using R2R, but these templates can sometimes
have overlapping structural elements (Fig. 4, left subpanels).
To overcome this limitation, R2DT now supports RNArtist,
a software package designed to minimize overlaps. RNArtist
templates are precomputed for all Rfam families, and R2DT
automatically chooses between the R2R and RNArtist layouts
to minimize the number of overlaps (Fig. 4, right subpanels).
Users can also specify their preferred layout via a command
line option. The RNArtist software can also be used to gener-
ate new layouts in the template-free mode (Fig. 1D).

New tRNA templates

R2DT 2.0 has also made notable improvements to the
isotype-specific tRNA templates based on the tRNAscan-SE
2.0 models [17]. These templates include slight adjustments
to the consensus sequences and/or 2D structures of both
the domain-specific and archaeal isotype-specific tRNA tem-
plates. Additionally, each residue within the templates in-
cludes a numbering-label field that represents the commonly
used Sprinzl positions for tRNAs [38]. The numbering labels
can be propagated from the template to the resulting structure
using a new option in the Traveler software. However, as cer-
tain positions may or may not exist depending on the isotype
and phylogenetic clade, the numbering labels are not displayed
at that region using the new Traveler options (-] -numbering
13,26°).

A new set of 23 templates has been created for mitochon-
drial tRNAs in vertebrates. These templates correspond to

the covariance models named as TRNAinf-mito-vert-*.cm or
the CM database TRNAinf-mito-vert, which are included in
tRNAscan-SE starting with v2.0.10. Unlike cytosolic tRNAs,
which have one template per isotype, mitochondrial tRNAs
have two templates for mt-tRNA-Leu and mt-tRNA-Ser, sep-
arated by anticodons. Furthermore, mt-tRNA-Cys has two
templates/CMs, one with a typical cloverleaf structure and
the other lacking a D-arm (found in armadillo and some rep-
tiles). These improvements to the isotype-specific tRNA tem-
plates in R2DT 2.0 and the creation of new templates for mi-
tochondrial tRNAs in vertebrates will enhance the accuracy
and efficiency of tRNA visualization.

Overview of resources integrating R2DT

The R2DT visualizations have been successfully incorporated
into multiple online resources, collectively reaching tens of
thousands of users each month. For example, the RNAcen-
tral database displays precomputed diagrams for over 25 mil-
lion ncRNA sequences [39], and R2DT structure diagrams
are automatically generated for RNAcentral sequence search
results in RNAcentral and several other websites relying on
RNAcentral sequence search, such as Rfam [19], GtRNAdb
[35], and snoDB [40]. The r2dt-web and pdb-rna-viewer web
components (see below) facilitate embedding R2DT diagrams
into any website, enabling FlyBase [41], PomBase [42], SGD
[43], RiboVision2 [34],and NAKB [44] to present detailed 2D
structure diagrams on their pages. Several standalone software
packages also integrate with R2DT, including SHAPEwarp-
web [24] and RNAvigate [45], which show SHAPE activities
overlaid on the 2D structure diagrams.

Case study: displaying RNA 2D structures in PDBe

A special visualization based on R2DT has been developed to
enable seamless integration between RNA sequence, 2D and
3D structures from the PDB [27] on the Protein Data Bank
in Europe (PDBe) web site [46]. Base pairing annotations de-
rived from annotating the 3D structures with FR3D Python
[47] are superimposed on the R2DT-generated layouts, using
the Leontis—Westhof base-pairing classification [25]. Standard
Watson—Crick base pairs appear in the viewer as lines connect-
ing the nucleotides (Fig. SA, left). In contrast, non-Watson—
Crick base pairs are depicted using Leontis—Westhof notation
to emphasize various interaction types within the 2D structure
elements (Fig. 5B, left). Clicking on bases in the 2D diagram
directs users to the corresponding nucleotides in the 3D molec-
ular graphics viewer, Mol* (Fig. 3, right panels) [48]. Further
interaction with the specific base in Mol* reveals the local re-
gion in greater detail, including the base pairing interactions
between nucleic acid bases.

R2DT utilities
Reusable web components

R2DT is integrated into several reusable web components that
can be used to view and edit its output. For example, the pdb-
rna-viewer widget powers the PDBe interface. The data for the
web component is available via static URLs for RNA chains in
the PDB (base pair information and layout data). Both FR3D
Python and R2DT have been integrated into the weekly release
process of PDBe, ensuring that the data is available for every
RNA 3D structure on the day of the weekly PDB release.
The r2dt-web component can be used to display 2D dia-
grams given an RNAcentral unique RNA sequence identifier.
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The precomputed structures and layouts are loaded from the
RNAcentral database. RNAcanvas Code can also be embed-
ded into any page and allows loading RNA 2D JSON Schema
generated by R2DT, in addition to drawing RNA struc-
tures independent of R2DT using sequence and dot-bracket
notation.

Animated visualizations showing structural rearrangements

The R2DT functionality can be extended by lightweight util-
ity programs that make R2DT easier to use or apply it in
new contexts. For example, an R2DT utility animate.py helps
create animated SVG images that demonstrate alternative 2D
structures of the same size, dynamically morphing one into
another. While not intended to convey kinetic or topological
information, such animations can facilitate the comparison
of 2D structures, as well as display structural heterogeneity,
riboswitches, or riboSNitches [49]. Video 1 shows an exam-
ple of animated transition between a reference and a solution
structure from RNA Puzzle 39, showing which nucleotides
from the predicted three-way junction form an additional he-
lix in the reference four-way junction structure.

Video 1. The animation shows the 2D structure of the ref-
erence model from RNApuzzles Puzzle 39 and the 2D struc-
ture of a predicted model (Dfold group, model 3). The base
pairs were extracted from the PDB files using the RNAView
software.

Python R2DT API client

In some use cases it is desirable to generate RNA 2D struc-
tures without installing R2DT or running any computation-
ally intensive tasks. The r2dt-client is a separate Python pack-
age that provides a convenient interface for R2DT web API
and facilitates integration of RNA 2D structure diagrams into
Jupyter notebooks, Google Colab, or any other environment
that can execute Python code. While similar to the draw_rna
tool from the Das lab (https://github.com/DasLab/draw_rna),
r2dt-client is a wrapper that uses the R2DT API to compute
the diagrams remotely while draw_rna runs locally. The pack-
age is released via PyPi and the documentation is available at
https://github.com/r2dt-bio/r2dt-client.

Discussion

The new features introduced in R2DT 2.0 represent signifi-
cant improvements compared with previous versions [12] and
other software [3-10], addressing key limitations and expand-
ing R2DT’s applicability to new use cases. The ability to dis-
play position-specific information makes R2DT a more ver-
satile tool for researchers working with diverse RNA species,
particularly in complex and data-rich contexts such as SNP
mapping and SHAPE reactivity analysis. The introduction of
the template-free mode removed the reliance on pre-existing
templates, helping visualize novel or less-characterized RNAs.
The successful application of this mode to the HCV genome
and SHAPEwarp-web underscores its potential for broader
adoption in RNA research.

An important outcome of the R2DT project is the creation
of the RNA 2D JSON Schema format, which is used for stor-
ing and editing 2D structures. It provides a common frame-
work that enables RNA visualization software to be used in-
terchangeably. It also allows one to use the interactive editors
that can load RNA 2D JSON Schema files from any public
URL. For example, by generating RNA 2D JSON Schema files,

2D structure prediction software could enable its users to edit
the resulting diagrams in the same way as R2DT.

One of the primary strengths of R2DT is its extensive and
ever-growing library of manually curated RNA templates,
which are essential for producing accurate and consistent 2D
structure diagrams. In future versions, continuous improve-
ment efforts will focus not only on increasing the number of
templates available but also on enhancing their quality. This
includes refining existing templates to better reflect updated
biological data (for example, new experimentally determined
3D structures), creating new templates for recently discov-
ered or previously unrepresented RNA families, and integrat-
ing emerging sources of high quality 2D diagrams, such as
Ribocentre-switch [50]. These improvements will ensure that
R2DT remains capable of handling the diverse range of RNA
molecules being studied across different species and research
contexts.

Automatically generating clear and legible diagrams re-
mains a key area for improvement, and integrating addi-
tional layout engines, such as RNApuzzler [9], can help pro-
duce intersection-free drawings. Another challenge is to sim-
plify R2DT installation without reliance on Docker contain-
ers, which can be a barrier for some users. Facilitating R2DT
installation via conda, adopting cross-platform technologies
such as the Electron framework, or enabling R2DT to run
directly in web browsers through WASM technology could
greatly enhance the installation experience.

Recognizing the importance of interoperability, R2DT will
continue to expand its integration with other tools and bio-
logical databases, aiming to create a cohesive ecosystem where
RNA 2D structures can be easily visualized, edited, and anal-
ysed across different platforms. Maintaining consistent 2D
representation across biological resources means that users do
not have to learn new ways to view the same RNA molecule
on different websites.

As RNA 3D structure prediction software methods ma-
ture and the experimental techniques such as cryo-EM be-
come more widely used for RNA structure determination [51],
we will work with 3D structure prediction software develop-
ers, the RNA Puzzles team [52], and PDBe to use R2DT for
viewing 2D structure, in order to enable efficient exploration
and comparison of reference and predicted structures. We also
plan to integrate R2DT with genome browsers and other rele-
vant data sources. This integration will enable users to overlay
data from genome tracks, such as VCF or BigWig files to rep-
resent conservation, variation, and other annotations directly
mapped onto RNA 2D structure diagrams.

We are also exploring the use of LLMs for manipulating
RNA 2D structure. By using simple textual commands rather
than multiple manual steps, this approach aims to make the
process more intuitive and reproducible, thereby lowering the
learning curve for users unfamiliar with diagram-editing tools.
With advancements in agentic Al, there is potential to develop
systems where Al agents autonomously generate and update
R2DT templates, maximizing legibility and integrating the lat-
est data.

As RNA continues to be a focal point in molecular biology,
the ability to accurately and efficiently visualize RNA struc-
tures in a consistent way is crucial. R2DT 2.0 not only ad-
dresses the current needs but also lays the groundwork for
future developments, ensuring that it remains a useful tool
for the exploration and understanding of RNA function and
structure. Overall, the enhancements in R2DT 2.0 and the
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development of compatible tools and utilities make it a ro-
bust and flexible platform for RNA 2D structure visualiza-
tion, with applications ranging from detailed structural an-
notation to large-scale comparative analyses. Its user-friendly
features, combined with the ability to handle complex and
novel RNA structures, position R2DT 2.0 as an essential re-
source for both experienced RNA researchers and those new
to the field. We welcome community feedback and contribu-
tions at https://r2dt.bio.
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available at https://github.com/rnacentral/r2dt-web (DOI:
10.5281/zenodo.14412436). The pdb-rna-viewer is found
at  https://github.com/PDBeurope/pdb-rna-viewer  (DOL
10.5281/zen0do0.14394975). The r2dt-client package is
available at https://github.com/r2dt-bio/r2dt-client (DOI:
10.5281/zeno0do.14397083). The RNA 2D JSON Schema
is available at https://github.com/LDWLab/RNA2D-data-
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