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Abstract

Rhinovirus (RV), a prominent causative agent of both upper and lower respiratory diseases, ranks among the most prevalent human respiratory
viruses. RV infections are associated with various illnesses, including colds, asthma exacerbations, croup and pneumonia, imposing significant
and extended societal burdens. Characterized by a high mutation rate and genomic diversity, RV displays a diverse serological landscape, encom-
passing a total of 174 serotypes identified to date. Understanding RV genetic diversity is crucial for epidemiological surveillance and investigation
of respiratory diseases. This study introduces a comprehensive and high-quality RV data resource, designated RVdb (http://rvdb.mgc.ac.cn), cov-
ering 26 909 currently identified RV strains, along with RV-related sequences, 3D protein structures and publications. Furthermore, this resource
features a suite of web-based utilities optimized for easy browsing and searching, as well as automatic sequence annotation, multiple sequence
alignment (MSA), phylogenetic tree construction, RVdb BLAST and a serotyping pipeline. Equipped with a userfriendly interface and integrated
online bioinformatics tools, RVdb provides a convenient and powerful platform on which to analyse the genetic characteristics of RVs. Addition-
ally, RVdb also supports the efforts of virologists and epidemiologists to monitor and trace both existing and emerging RV-related infectious
conditions in a public health context.
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Introduction

The viral genome contains a single coding sequence (CDS)
Rhinovirus (RV), which belongs to the family Picornaviridae  that is translated into several proteins through cleavage by
and the genus Enterovirus, is a positive-sense, single-stranded  virally encoded proteases. These proteins include four cap-
RNA (ssRNA) virus with a genome size of approximately sid proteins and seven non-structural proteins. The RV cap-
7200 bp. It is classified into three species: RVA,RVB and RVC.  sid is formed by the assembly of 60 copies of each of the four
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capsid proteins (1). RV, the most frequently detected respira-
tory virus, is responsible for one-half to two-thirds of common
colds and one-half of the exacerbations of asthma (2-5). It
has been reported that RV infection can also cause bronchioli-
tis, croup, community-acquired pneumonia, chronic obstruc-
tive pulmonary disease, cystic fibrosis, aggravation of chronic
lung diseases and other lower respiratory tract infections (6—
12). RV imposes a significant economic burden, encompass-
ing costs associated with medical treatment, educational dis-
ruptions, work absenteeism and hindrances to social progress
(13-16).

The emergence of the coronavirus disease 2019 (COVID-
19) pandemic, caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), illuminated the potent dangers
associated with respiratory RNA viruses (17). Notably, RV
exhibits resemblances to SARS-CoV-2 in aspects such as its
extensive presence and prevalence within the human pop-
ulation along with high mutation rates. Since its discov-
ery in the 1950s (18), RV has been reported in 58 coun-
tries according to RVdb. In the United States, children ex-
perience an average of two RV infections per year, while
adults typically have one. Furthermore, RVs display a marked
level of serotypic diversity. At present, there are 174 identi-
fied serotypes, 81 types of species RVA, 33 types of species
RVB and 60 types of species RVC. The existence of serotype
diversity imposes intricate challenges, from precise typing
information and typing annotation to the development of
cross-protective therapeutics and vaccines (19,20). This con-
fluence of difficulties provides a compelling rationale for di-
recting attention towards RVs as a subject of significant
consideration.

Given the extensive utilization of molecular methodologies
in the field of virus identification and functional analyses, the
comprehensive retrieval of viral sequences, coupled with as-
sociated annotation/meta-information, assumes a pivotal role
in facilitating in-depth investigations into the genetic diversity
of RVs. However, through our examination of public data,
we have observed several issues in RV-related data, includ-
ing a considerable number of sequences, insufficient meta-
information, absence of genomic annotations and inaccura-
cies or incompleteness in the categorization of species and
types, cumulatively constituting formidable barriers that hin-
der comprehension of the characteristics of RVs, similar to
our previous studies on the curation of zoonotic and vector-
borne viruses (21). Furthermore, the establishment of inter-
connections with other important public data resources, such
as PubMed, UniProt and PDB, remains notably restricted and
inconvenient. Evidently, the challenges mentioned above col-
lectively contribute to the intricate challenge faced by users
seeking targeted insights pertaining to known RVs. In this
study, we introduce a specialized RV database, designated
RVdb (accessible at http://rvdb.mgc.ac.cn). With parallels to
the Influenza Research Database (22) for influenza virus and
HBVdb (23) for hepatitis B virus, RVdb focuses on the collec-
tion and curation of up-to-date knowledge on currently iden-
tified RVs. The well-integrated set of data types and analysis
tools available on the RVdb platform are actively employed to
enhance the comprehension of existing RV populations. Con-
currently, these resources are anticipated to assist in the de-
velopment of vaccines, therapeutics and diagnostics, mitigat-
ing the public health impact of respiratory diseases associated
with RVs.
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Data preparation and database
implementation

RVdb, as a sequence-centric database, is dedicated to pro-
viding up-to-date and comprehensive information associated
with RVs. To retrieve all available sequences from the pub-
lic domain, we conducted exhaustive searches in the PubMed,
Taxonomy and Nucleotide databases (24) of the National
Center for Biotechnology Information (NCBI) using the key-
words (‘Rhinovirus’ OR ‘RV’ OR ‘HRV’) AND (‘virus’ OR
‘viruses’). The associated GenBank records pertaining to RV
within the aforementioned three databases were then down-
loaded and parsed via a Biopython script to generate human-
read tables of the meta-information. Of the original GenBank
records inspected, a substantial number of viral sequences, ac-
companied by preliminary metadata, have been deposited into
the GenBank database by submitters. Therein, >83% of the
sequences lack necessary information regarding specific sam-
pling locations/times, while > 53% of the sequences are not
linked to relevant literature (if it exists). To address the issue
of inaccuracies in submitted GenBank records, comprehensive
searches were first conducted on mainstream search engines
such as Google and Bing for GenBank records that lacked di-
rect links to pertinent literature (if available). These efforts en-
abled us to establish connections between the sequences and
the related literature. Then, we performed meticulous cross-
referencing of published records, proofreading for any incon-
sistencies or gaps in meta-information by carefully examin-
ing the details described in the related literature. All these cu-
ration processes were undertaken to assure dataset accuracy
and comprehensiveness, thereby promoting subsequent anal-
ysis and interpretation related to RV. Furthermore, additional
data types (e.g. protein sequences, 3D protein structures and
RV-related publications) were further collected from GenPept,
PDB (25) and PubMed. While molecular methods are pre-
dominantly employed for diagnosis and functional studies
of viruses, numerous findings have relied on alternative ap-
proaches without sequencing (e.g. immunological methods).
In addition to the sequence-related publications, our database
includes >20 000 sequence-independent publications perti-
nent to RV research, thereby reinforcing associations between
diverse data types and bolstering the comprehensiveness of the
RVdb dataset. To facilitate users in efficiently and precisely
retrieving individual publications, Medical Subject Headings
(MeSH) (26,27) are integrated into the publication retrieval
and browsing features of RVdb (Figure 1A).

The aforementioned data entries were refined with a con-
trolled and consistent vocabulary and stored in a well-
structured MySQL database. The web service layer was ex-
ecuted by a set of Python scripts, employing the Flask frame-
work (http:/flask.pocoo.org/). To augment the user expe-
rience and interactivity within the interface, we incorpo-
rated a suite of web programming libraries, utilizing the
Bootstrap framework (https://getbootstrap.com/), the cross-
platform JavaScript library jQuery (http:/jquery.com), the
interactive charting library HighCharts (https://highcharts.
com) and DataTables, a comprehensive JavaScript library
equipped with a variety of plugins for grid data manipula-
tion (https://www.datatables.net). Additionally, we also inte-
grated a set of bioinformatic tools to facilitate online data
analysis and visualization, such as an efficient JavaScript
component for the visualization and analysis of multiple se-
quence alignment (MSA) data known as MSAViewer (28), a
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Figure 1. The web interface of RVdb. (A) A query example for RV-related publications. (B) A visual overview of the RVdb utilities. (C) An example of the
detailed information of an RV strain. (D) The panel displaying 3D protein structures. (E) The panel of tracking of RVA evolution. (F) The BLAST result
panel. (G) The report of RV sequence annotation results. (H) The panel for MSA result visualization. (1) The result visualization panel for phylogenetic tree

construction. (J) The report showcasing RV typing results.

cutting-edge web application for 3D visualization and analysis
of substantial biomolecular structures known as Mol* Viewer
(29), a reusable and open-source sequence feature viewer
known as PDB ProtVista (https:/github.com/PDBeurope/
protvista-pdb), a JavaScript library for the visualization of
phylogenetic trees known as Archaeopteryx.js (https://github.
com/cmzmasek/archaeopteryx-js) and an open-source project
for a real-time view of the evolution and spread of RV known
as Nextstrain (30).

Database content and features

The RVdb datasets consists of five datasets: serotyping li-
brary, virus strain/sample meta-information, the available
nucleotide/protein sequences of each virus, 3D protein struc-
ture and RV-related publications. Based on these datasets,
RVdb offers a highly intuitive and responsive web platform
(http://rvdb.mgc.ac.cn) for users to browse and search the up-
to-date aforementioned information about presently identi-
fied RVs (Figure 1B). Based on the genomic characterization
and genetic diversity of RV, we further developed an auto-
matic pipeline for MSA, phylogenetic tree construction and

sequence annotation, integrated Basic Local Alignment Search
Tool (BLAST) search and VP1- and VP4/2-based RV typing
for the identification and characterization of novel RVs or as-
sociated variants.

Browse and search the database

The primary utilities of the database, including datasets
browsing and searching, real-time statistics, and a detailed
help document, are accessible on the homepage by clickable
icons, each providing direct access to the respective main
page. Within the browsing and searching section, RVdb ini-
tially presents an introduction page designed to help users re-
trieve fundamental information about RV, encompassing ge-
nomic organization and genetic diversity. Users can further
browse and search curated meta-information pertaining to
viruses, sequences, and samples. This includes details, such
as strain, species, sequence length and completeness, sam-
pling data and location, and related literature (if available)
(Figure 1C). RVdb also offers online browsing of RV 3D
protein structures, along with a 1D protein feature viewer
module that allows users to visualize annotation information
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for structural proteins (Figure 1D). The 3D protein struc-
ture data are cross-referenced to the serotyping information
by integrating the annotated strain data. To provide an intu-
itive overview of the geographic trends in the available data,
a global map is provided with colour-coded markers denot-
ing the presence of known RVs (Figure 1B). Each section cor-
responding to a specific country provides a direct link to a
panel showcasing detailed information regarding RVs identi-
fied within that country. This geographical context is invalu-
able to epidemiologists and public health researchers, facil-
itating the monitoring and source tracking of current respi-
ratory diseases caused by RV. Furthermore, RVdb employs
Nextstrain, a sophisticated phylogenetic visualization toolset,
to describe of the spread and evolution patterns of RVA, RVB
and RVC, respectively. This tool enables simultaneous ex-
ploration of phylogenetic and spatial/temporal relationships,
with different serotypes/countries represented through dis-
tinct colours (Figure 1E). Additionally, RVdb incorporates the
standalone NCBI BLAST tool (31), enabling users to perform
sequence similarity searches against all available sequences.
This integration encompasses a set of BLAST programs, in-
cluding blastn, blastp, blastx, tblastn and tblastx (Figure 2).
Users have the flexibility to select the BLAST program most
suitable for their specific analytical requirements. Utilizing a
set of in-house Python scripts, a concise and legible profile,
with statistics for serotype and geographic distribution, is pre-
sented within the BLAST result tab (Figure 1F). For compre-
hensive and detailed guidance on the utilization of the RVdb
database, a step-by-step instructional resource is available in
the accompanying help document.

Analysis utilities

Genomic annotation, MSA and phylogenetic tree construc-
tion play a pivotal role in enabling users to investigate the ge-
nomic structure of viruses and to conduct in-depth viral rela-
tionship analyses. Genomic annotation constitutes tasks that
must be completed prior to submitting sequences to public
databases. Therefore, RVdb offers an automatic sequence an-
notation pipeline based on well-annotated prototype strains
(Figures 1G and 2). In addition to CDS, annotations for un-
translated regions (UTRs) and mature peptides, such as 1A,
1B, 1C, 1D, 2A, 2B, 2C, 3A, 3B, 3C and 3D, are also provided
if present. Users can submit a complete or draft RV genome
sequence to obtain detailed annotation reports. Furthermore,
given that some original GenBank records do not provide suf-
ficient sequence annotations, we utilized this pipeline to re-
annotate all available strains within RVdb. With thorough
validation, this pipeline demonstrated significant increases in
the number of nucleotide sequence annotations from 32 727
to 92 312 and protein sequence annotations from 25681 to
65989. To provide improved visualization of the genomic or-
ganization, we also developed an interactive and user-friendly
sequence viewer specifically designed for RV (Figure 1C and
G) that behaves similarly to seqviz and NCBI Sequence Viewer
(32). Second, MSA forms an essential first step in various se-
quence analysis methodologies, such as the investigation of
phylogenetic relationships. Accordingly, RVdb provides an au-
tomatic MSA module, allowing users to upload and calculate
private data and supporting online visualization of the results
(Figures 1H and 2). Based on the the phylogenetic pipeline,
RVdb can auto-selects the best model and infer the phyloge-
netic tree via maximum likelihood. It also offers online visu-
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alization of the generated phylogenetic tree, with options to
download associated files and export images (Figures 11 and
2). Automated phylogenetic tree construction utilizes MAFFT
for MSA (33,34), trimAl software for the automatic removal
of spurious sequences or poorly aligned regions (35), and IQ-
TREE2 for the construction of phylogenetic trees (36).

Serotyping of RV is significant for clinical identification,
precise traceability and effective prevention and control mea-
sures. Using our up-to-date prototype strain dataset, we also
build an automatic RV typing pipeline based on calculating
the p-distance of VP1 between an untyped strain and pro-
totype strains. Users need only submit the VP1 sequence to
RVdb, after which the pipeline determines the RV species,
aligns it with the corresponding prototype strains, calculates
the p-distance and generates a detailed typing report (Figures
1] and 2). Because of the revision of serotyping standards, in-
correct or incomplete typing information is available in the
original GenBank records and publications. To address this
issue, RVdb systematically performs serotype validation for
all strains with VP1 sequences available over 90% integrity.
It further provides intuitive visualization to present validation
specifics on individual strain information page (Figure 1C).
Therein, the typing information for 716 RV strains, which
were previously untyped, has been added to the dataset. Typ-
ing information for a total of 1847 RV strains have been ver-
ified as correct, while 337 errors have been rectified. Further-
more, this methodology has contributed to the identification
of four previously unreported serotypes, B107, C58, C59 and
C60, which are detailed in our previous work (37).

Furthermore, the VP4/2 segment of RV, which is approx-
imately 435 nucleotides in length, is well conserved and eas-
ily amplified. This region can serve as a predictive marker for
discerning RV species and types, offering an alternative means
of type identification in epidemiological studies when VP1 se-
quences are either absent or display low completeness (38).
Consequently, RVdb also includes a typing module based on
VP4/2 (Figure 2). This module is designed to fulfil the req-
uisites for RV type prediction or identification in epidemio-
logical studies, particularly in scenarios where VP1 sequences
exhibit suboptimal completeness. Since this region is not clas-
sified as an official mature peptide, it lacks a corresponding an-
notation in GenBank. In contrast, RVdb includes comprehen-
sive annotations specific to this region, providing an optional
solution for types and species identification. Due to certain
typing limitations for the VP4/2 region, including its shorter
length, higher sequence conservation and possible divergence
from VP1-based typing outcomes, we refrained from conduct-
ing VP4/2-based serotype verification for RV strains in the
database.

Discussion and future directions

RVdb serves as an advanced and versatile platform, centraliz-
ing data resources crucial for current RV research. As of Au-
gust 2023, a total of 26909 RV strains along with their re-
spective sequences, meta-information, 3D protein structures
and publications had been added. Within this framework, a
set of analytical utilities, tailored exclusively for RV investi-
gation, have been integrated. These utilities are designed to
deliver essential data and functional support across multiple
domains: RV-related identification, classification, characteri-
zation and epidemiological surveillance.
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Despite our rigorous efforts in data collection and valida-
tion, it is imperative to acknowledge several potential limita-
tions. First, the inclusion of all presently identified RV records
cannot be guaranteed through only the application of retrieval
keywords. In specific cases, the possibility of overlooked RV
strains is inevitable, owing to misclassification by the sub-
mitters or historical alterations in taxonomy. Consequently,
we earnestly appreciate and encourage users to communicate
with us regarding any sequences or literature that may have
inadvertently evaded inclusion in the RVdb database. Second,
RV-related meta-information, including the publication, ben-
efits our understanding of viral characteristics and acts as a
key foundation for linkage with other datasets. Nevertheless,
it is noteworthy that >25% of the RV strains documented
in the database remain unpublished, lacking associated lit-
erature. Given this situation, we will continue trying to de-
termine whether there is relevant literature available to ad-
dress possible inconsistencies or gaps in the follow-up study.
Third, the molecular typing standard for RVs relies on the ge-
netic distances within the VP1 or VP4/2 region. This criterion,
however, fails to maintain absolute consistency with the cross-
reactivity observed in serological experiments, exemplified by

cases such as RVA29 and RVA44 (39). Consequently, we rec-
ommend users exercise careful consideration when interpret-
ing biological implications, given that computer-generated re-
sults invariably necessitate subsequent experimental valida-
tion for conclusive confirmation. Additionally, the necessity
for sequence integrity and specific gene fragments complicates
the serotyping of RV strains. As more RVs are identified and
published, the focus will shift towards establishing more pre-
cise and efficient RV molecular typing standards and method-
ologies.

Given the widespread presence of RV in the human pop-
ulation, it is plausible that numerous undiscovered novel
strains or serotypes may exist within publicly available high-
throughput sequencing (HTS) datasets. Future endeavours
will include the development and implementation of a spe-
cialized RV identification pipeline tailored for HTS metadata
analysis. This advancement will enable RVdb to thoroughly
scan clinical metadata in the public domain while identify-
ing new RV strains or serotypes, further aiding in the un-
derstanding of the prevalence and coexistence of RVs and
thereby providing valuable insights into the impact of dif-
ferent RV strains or serotypes on human health. Addition-
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ally, various machine/deep-learning-based methods are now
used in the classification of genes or pathogens. Compared to
homology-based identification, alignment-independent deep-
learning-based prediction could leverage large auxiliary data
to provide new avenues for biological research on the classi-
fication of RV strains or serotypes (40). Therefore, while pro-
viding in-depth analysis methodologies, we will continue to
update existing datasets every two months to provide users
with the most accurate information. Meanwhile, our research
subject will be gradually expanded to provide genomic and
clinical datasets of other significant human-related respiratory
viruses, establishing a comprehensive global surveillance net-
work for respiratory viruses for efficient prevention and con-
trol of future emerging respiratory diseases.

Data availability

RVdb, accessible at http://rvdb.mgc.ac.cn, is freely available
to all users without any login requirements.
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