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ABSTRACT

The amount of publicly available DNA sequence data is drastically increasing, making it a tedious task to
create sequence databases necessary for the design of diagnostic assays. The selection of appropriate
sequences is especially challenging in genes affected by frequent point mutations such as antibiotic resis-
tance genes. To overcome this issue, we have designed the webtool resiDB, a rapid and user-friendly
sequence database manager for bacteria, fungi, viruses, protozoa, invertebrates, plants, archaea, environ-
mental and whole genome shotgun sequence data. It automatically identifies and curates sequence clus-
ters to create custom sequence databases based on user-defined input sequences. A collection of helpful
visualization tools gives the user the opportunity to easily access, evaluate, edit, and download the newly
created database. Consequently, researchers do no longer have to manually manage sequence data retrie-
val, deal with hardware limitations, and run multiple independent software tools, each having its own
requirements, input and output formats. Our tool was developed within the H2020 project FAPIC aiming
to develop a single diagnostic assay targeting all sepsis-relevant pathogens and antibiotic resistance
mechanisms. ResiDB is freely accessible to all users through https://residb.ait.ac.at/.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Infectious diseases are a major burden for the human health-
care systems. In the last century, this situation was dramatically
improved with the development of antibiotics and vaccinations.
With the emergence and global dissemination of antibiotic resis-
tances, however, we are starting to face a healthcare crisis again.
In addition to the development of new antibiotics, infection control
measures are the most effective instruments to fight the spread of
antibiotic resistances. Essential tools for the implementation of
such measures are fast and cost-effective diagnostic tests. This
can be currently well observed during the COVID-19 virus pan-
demic where the lack of appropriate diagnostic testing capacities
limits the implementation of effective infection control measures.

Consequently, molecular diagnostic tests are essential to con-
duct the required fast identification and characterization of patho-
gens. However, the high diversity of pathogens, antibiotic
resistance mechanisms and virulence factors represents a massive
challenge for the development of such tests. For example, more
than 1000 different antibiotic resistance genes have been
described so far. Thus, the diagnostic tests that are on the market
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focus only on a small fraction of the clinically relevant targets.
Another problem is that the commercial molecular tests are too
expensive for routine testing of e.g. all hospitalized patients. This
is especially relevant for the developing countries were the antibi-
otic resistance crisis is most problematic. As a consequence, many
hospitals have developed their own cost-effective in-house tests.
These have the additional advantage that they can be tailored in
respect to the local epidemiological situation. The most popular
are DNA-based tests using PCR or LAMP to detect genes of interest.

The biggest challenge for researchers and clinicians to develop
such in-house tests concerns the design of appropriate primers
and probes. While several streamlined tools for the oligonucleotide
design itself have been developed, little attention was brought to
the management of the target and non-target DNA sequence data
that is required for the assay design. Furthermore, the exponential
expansion of sequence data necessitates revolutionary measures
for data accessibility, management and analysis [1]. The National
Center for Biotechnology Information (NCBI) and the European
Molecular Biology Laboratory’s European Bioinformatics Institute
(EMBL-EBI) provide, besides comprehensive collections of biologi-
cal data, access to helpful data analysis tools [2,3]. These tools can
be either accessed online or standalone, including similarity search
applications, such as BLAST, or multiple sequence alignment appli-
cations, such as Clustal Omega [4,5]. Although many sequence
analysis services provide a wide range of different algorithms to
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manage data, most of these tools are not interconnected with each
other. All-in-one packages, providing a workflow where each tool
can communicate with the others, are necessary for efficient work
on big data sets. The standalone software environments ARB and
Mothur provide such all-in-one analysis workflows [6,7]. ARB users
are able to create their own sequence databases and perform anal-
ysis using integrated software tools that are directly interacting
with one another as well as the database. Mothur allows users to
use one tool for the analysis of community sequence data. How-
ever, users need to have appropriate computational infrastructure
to run these tools. In general, these big data sets require appropri-
ate computational power and sophisticated database models.
Additionally, in contrast to online data retrieval systems, down-
loaded databases need to be updated manually. Downloading a
comprehensive set of biological data can be very time-consuming
and requires a lot of disk space (e.g. NCBI WGS databases comprise
1.6TB). Therefore, it is suggested to replace local hardware with the
cloud for data storing and computing [8].

Here, we introduce resiDB, a web-based sequence database
manager for bacteria, fungi, viruses, protozoa, invertebrate, plants,
archaea, environmental and whole genome shotgun sequences. It
is a tool that enables the streamlined creation of user-defined
DNA sequence databases that can be used e.g. for the design of
diagnostic assays. It automatically identifies and curates similar
sequences to create comprehensive and well-organized custom
sequence collections using an up-to-date set of background data-
bases. Annotation data, sequences, cluster information, alignments
and consensus sequences can easily be accessed, evaluated, edited
and downloaded. A collection of powerful visualization tools facil-
itates the data analysis without the need of programming knowl-
edge. ResiDB is freely accessible to all users through https://
residb.ait.ac.at/.

We demonstrated the tool by creating two bacterial, pathogen-
relevant sequence databases used for the design of antibiotic resis-
tance and virulence factor detection assays.

2. Materials and methods

ResiDB is a web-based rapid sequence similarity-dependent
database manager, aiming to provide an all-in-one software work-
flow to generate, access, evaluate, edit and download custom DNA
sequence databases. The workflow of resiDB is illustrated in Fig. 1.
The following subsections describe the main features of each step
in detail.

2.1. Input

The creation of a new database starts with the import of nucleo-
tide sequences or protein sequences and parameters for the
sequence similarity search and filtering. The sequences have to
be provided in FASTA format, either by file upload or by using a
designated input box. ResiDB can handle hundreds of input
sequences, but it needs to be considered that the runtime and data-
base size are linked to the used background databases and user-
defined input parameters. Each step of the database creation is
based on the user-defined input parameters described in the fol-
lowing subsections.

2.2. Similarity search

The first step of our workflow generates a sequence-similarity
based matrix using the input sequences and a collection of nucleo-
tide sequence databases, referred to as local GenBank mirror. It is
generated by the standalone version of NCBI BLAST version
2.7.0 + . The local GenBank mirror is a collection of publicly avail-
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able sequence files covering greater than 200 million sequences,
annotation and feature data from bacteria, viruses, fungi, archaea,
invertebrates, environmental samples, protozoa, plants and WGS
projects. It was downloaded and is regularly updated from the
NCBI FTP server (see Table 1). The similarity is based on a user-
defined similarity measure, which is either defined by the
sequence similarity (e.g. 90%) or the E-value (e.g. 10). This thresh-
old defines which sequences in the local GenBank mirror should be
selected and implemented in the subsequent workflow steps.

2.3. Filtering

The sequence entries, which were automatically selected during
the similarity search, can be filtered by species and other taxo-
nomic ranks (domain, phylum, genus, etc.). In addition, the
sequence data can be filtered by criteria such as the presence of
a Pubmed ID, a gene name, a sample collection country, a start
and stop codon, a “coding sequence” tag, and a “reference
sequence” tag annotated in the original GenBank files. These filters
are especially helpful for the automatic curation of the sequence
database. Further filtering options can be included by user inquiry.

2.4. Sequence clustering

After filtering, the input sequences are analyzed using NCBI
BLAST version 2.7.0+. Here, all input sequences are aligned against
each other applying user-defined sequence similarity clusters. The
BLAST results are compared and sequences that match the similar-
ity criteria and share at least 50% of their hits are grouped (see
Fig. 1 at the Sequence clustering). Sequences from the local Gen-
Bank mirror are added to these clusters if they meet the user-
defined criteria.

2.5. Alignment and consensus sequences

In the final step, the sequences in each cluster are aligned using
MAFFT 7.427 |9]. The resulting alignments are the basis for the cal-
culation of the consensus sequences, which are defined as the sum
of the most common nucleotides at each position of their align-
ment. Users can control the calculation of the consensus sequences
by setting base frequency thresholds. For example, if a user sets the
frequency threshold to 90%, the base with an abundance of more
than 90% at a position of the alignment is selected for the consen-
sus sequence. If the most common base shows an abundance of
less than 90% at a position, then the IUPAC nucleotide code anno-
tation is used for the base at this position [10]. Furthermore, 100%
similar sequences are grouped in “Alignment groups* for a better
visualization of the alignment results.

2.6. Implementation

The database creation workflow runs on a Linux server (64
CPUs, 256GB RAM). Most of the implemented workflow scripts
run in parallel to obtain maximum performance and utilization
of server capacity. Therefore, only one database creation can run
at a time. The main software tools and libraries used for the data-
base creation are BLAST 2.7.0+, MAFFT 7.427 and Python 2.7
together with the Biopython library [11]. The local GenBank mirror
and the new sequence database created by resiDB are imple-
mented using MongoDB 3.2.22 (MongoDB, https://www.mon-
godb.com/de). Here, MongoDB provides a powerful database
model for the creation of biological sequence databases due to its
flexibility, scalability and performance. Therefore, it is possible to
easily generate and access such sequence databases containing
annotation, feature and sequence data. A simplified scheme of
the resiDB database structure can be seen in Supplementary
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Fig. 1. Illustration of the database creation workflow of resiDB. The workflow starts with the input of n DNA sequences, followed by a similarity search, where each sequence
is blasted against a selected database of the local GenBank mirror. Subsequently, the resulting hits are filtered by user-defined parameters (see section Filtering for details).
Afterwards, the input sequences and database hits are clustered by similarity applying the same similarity threshold as for the similarity search at the beginning. Finally, the
sequences of the clusters are each aligned and consensus sequences are calculated. User-friendly analysis tools help the user to visualize and edit the resulting sequence

databases before download.

Table 1
NCBI database sources used for the current local GenBank mirror. The number of
sequences and their share of the entire data pool are listed.

Source Number of sequences Database fraction
Bacteria 20,605,774 9.48%
Environmental samples 8,995,722 4.14%
Invertebrates 93,956,595 43.21%
Patented sequences 41,341,130 19.01%
Plants 4,910,669 2.26%
Viruses 2,551,233 1.17%
Archaea 219,233 0.10%
Fungi 10,109,117 4.65%
Protozoa 5,333,500 2.45%
WGS project sequences 29,442,947 13.54%
Total amount of sequences 217,465,920 100.00%

Fig. S1. The highly responsive graphical user interface is imple-
mented using Bootstrap 4.1.1. The most important plugins and
libraries for the visualization and manipulation of the data, are
D3.js (D3.js, https://d3js.org/), jsTree (jsTree, https://www.jstree.-
com/), OpenStreetMap (OpenStreetMap, https://www.open-
streetmap.org), Leaflet (Leaflet, https://leafletjs.com/) and the
MSAViewer [12]. The high standards of the graphical elements
implemented in this tool require web access via browsers with
ES6 support. ResiDB is freely accessible to all users through
https://residb.ait.ac.at/.

3. Results

With resiDB, annotation data, sequences, cluster information,
alignments, and consensus sequences can easily be accessed, eval-
uated, edited, and downloaded. A collection of powerful visualiza-
tion tools facilitates the data analysis without the need of
programming knowledge. The generated database is accessible
on a webpage including six different views: home, cluster view,
feature view, alignment view, map view, and download center.
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3.1. Home screen

The home screen gives an overview of the calculated similarity-
based clusters, the number of similar sequences within each clus-
ter and user parameters. It also provides a search field to get clus-
ter and alignment group information of submitted input
sequences. Manual changes in the cluster composition are also
visually indicated.

3.2. Cluster view

The cluster view serves as a user interface for the visualization
and manipulation of the sequence clusters. This interactive tree
view provides insight into clusters and gives the possibility to edit
them. Child sequences of the clusters can be moved and removed,
and new clusters can be established and renamed. In this view,
users can always easily restore the original database.

3.3. Feature view

A table within the feature view shows feature information
derived from the underlying GenBank records of selected clusters.
Entries can be filtered, removed, downloaded, and directly shown
in the GenBank file format.

3.4. Alignment view

The alignment view of resiDB enables the user to view and edit
sequence cluster alignments and their consensus sequences easily.
Whereas editing involves the changing, insertion, and deletion of
bases. This view has a direct link to the feature view to get detailed
information on specific alignment sequences.

3.5. Map view
GenBank sequence entries can have additional isolation source

information, which lists the physical, environmental, and/or local
geographical source of the biological sample from which a
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sequence was derived (e.g. human blood, soil, sediment, ocean
water, lake water, forest debris, soil from outside a specific chem-
ical factory, gasoline polluted soil, etc.). The map view gives the
user the opportunity to select any cluster and view where
sequences have been collected over time on an interactive map
(Fig. 2).

3.6. Download center

The created sequence database can be downloaded in the FASTA
and GenBank file format. Furthermore, alignments and consensus
sequences are also available for download.

4. Discussion

ResiDB provides a rapid and user-friendly online database man-
ager. Consequently, researchers do no longer have to manually
manage data retrieval, deal with hardware limitations, and run
multiple tools, each having its own requirements and file formats
for input and output.

4.1. Experimental evaluation

ResiDB was experimentally evaluated during the creation of
two bacterial, pathogen-relevant sequence databases used for the
design of a five-plex and a comprehensive pathogen characteriza-
tion assay (810 target genes) respectively. The five-plex assay tar-
gets clinically relevant antibiotic genes from five gene clusters:
aad, qnrB, blaTEM, blaCMY and blaSHV. For this purpose, a total
of 971 genes from the Comprehensive Antibiotic Resistance Data-
base (CARD) and the Antibiotic Resistance Gene-ANNOTation tool
(ARGANNOT) were merged and used as input for resiDB [13,14].
A similarity search was performed using a sequence identity
threshold of 90% under the selection of the bacterial and environ-
mental background database. The presence of a start and stop
codon as well as a “coding sequence” tag were used as filters to
increase the possibility of retrieving complete variants of the
antibiotic resistance genes. The database creation was finished
within three hours. The resulting consensus sequences with simi-
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larity thresholds of 90%, 85%, and 80% were used as target
sequences for multiplex oligonucleotide design using oli2go [15].

The alignment view and cluster view were especially useful to
curate clusters where no primers and probes could be designed
automatically, due to a high number of ambiguous nucleotides.
In these cases, the alignments gave an indication of clusters that
need to be divided into further clusters and sequences that had
to be removed due to poor quality. Furthermore, the alignments
were also used to redesign primers manually. The cluster view
was used to merge the aadA24 and aadA7 clusters to increase the
coverage of the assay and rename the chosen clusters. The final
data set contained 23 antibiotic resistance gene clusters where
the five biggest aad, qnrB, blaTEM, blaCMY and blaSHV clusters
were chosen for the assay. As a result, specific oligonucleotides
could be designed successfully using the consensus sequences
and alignments of the database generated by resiDB (see Supple-
mentary Figs. S2-S4). The data can be visualized, but not changed
in the sample results section at https://residb.ait.ac.at.

The map view can be used to e.g. illustrate the spreading of
antibiotic resistances across the world and the clinical relevance
for distinct geographic regions. Fig. 2 illustrates the global dissem-
ination of the antibiotic resistance gene gnrB between 2002 and
2014. From its first appearance in South America in 2002, it started
to spread slowly across the USA and the United Kingdom. However,
an increased mobility of this genetic element was observed from
2010 to 2014.

While the five-plex assay was developed as a concise showcase,
a main purpose of resiDB is to support the design of comprehensive
DNA-based characterization assays. Within the H2020 project
FAPIC, we aim to develop an assay targeting all clinically relevant
antibiotic resistance genes and virulence factors with a single
assay. For this purpose, a total of 3854 genes derived from the
Comprehensive Antibiotic Resistance Database and the Antibiotic
Resistance Gene-ANNOTation tool (ARGANNOT) were used as
input for resiDB and processed as described for the five-plex assay.
The resulting consensus sequences (Supplementary material) were
used as input for the multiplex assay design tool Oli2go and exper-
imentally evaluated (data not shown). Another use-case of resiDB
concerned the creation of sequence databases comprising genes
associated with colistin resistance (mgrB, IpxC, pmrB, phoP, phoQ,

2005
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Fig. 2. Sample locations of the antibiotic resistance gene gnrB for the years 2002, 2005, 2010 and 2014. In 2002, gnrB was only found in South America. In the next three years,
it started spreading over the United States and the United Kingdom. In 2010, gnrB spread in Europe and Asia. Only four years later, it was also found in Australia and Africa.
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crrB). Colistin is a last-resort antibiotic that becomes inactive due
to mutations in these genes in more than 90% of the clinical cases.
A global phylogenetic analysis of these genes including their geo-
graphic distribution could be calculated within a few weeks due
to the streamlined sequence database generation facilitated by
resiDB [16].

4.2. Outlook

ResiDB has the potential to improve the management of novel
and existing DNA sequence databases. This web solution provides
a unique combination of an automated all-in-one sequence analy-
sis pipeline, comprehensive background databases and powerful
visualization tools accessible via one website. Consequently,
researchers do not longer have to manually manage data retrieval,
deal with hardware limitations and run multiple independent soft-
ware tools, each having their own requirements, input and output
file formats.
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