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ABSTRACT

PRODORIC is worldwide one of the largest col-
lections of prokaryotic transcription factor binding
sites from multiple bacterial sources with corre-
sponding interpretation and visualization tools. With
the introduction of PRODORIC2 in 2017, the tran-
sition to a modern web interface and maintainable
backend was started. With this latest PRODORIC
release the database backend is now fully API-
based and provides programmatical access to the
complete PRODORIC data. The visualization tools
Genome Browser and ProdoNet from the original
PRODORIC have been reintroduced and were in-
tegrated into the PRODORIC website. Missing in-
put and output options from the original Virtual
Footprint were added again for position weight ma-
trix pattern-based searches. The whole PRODORIC
dataset was reannotated. Every transcription factor
binding site was re-evaluated to increase the overall
database quality. During this process, additional pa-
rameters, like bound effectors, regulation type and
different types of experimental evidence have been
added for every transcription factor. Additionally,
109 new transcription factors and 6 new organisms
have been added. PRODORIC is publicly available at
https://www.prodoric.de.

INTRODUCTION

Transcription factors (TFs) are proteins that regulate the
transcription of genes by binding to corresponding regu-
latory DNA regions usually localized in the proximity to
the transcriptional start site of a gene or operon often des-
ignated as promoters (1,2). Depending on the position of
this DNA binding site, the TF can act as an activator or
repressor for the target genes (3). The first level of tran-
scriptional regulation in bacteria is mediated by the differ-
ent DNA-binding sigma subunits of the RNA polymerase
responding to various environmental stimuli (4,5). How-

ever, genes are usually not only regulated by only one, but
rather by many TFs. In this way intra- and extracellular
stimuli are integrated at one promoter site. Extracellular sig-
nals are often processed by two-component regulatory sys-
tems (TCS) consisting of a usually membrane bound histi-
dine kinase sensor and a cytosolic response regulator (6,7).
Signal molecules bind to the receptor domain of the his-
tidine kinase resulting in autophosphorylation of the his-
tidine kinase domain. The phosphoryl group gets subse-
quently transferred to the receiver domain of the response
regulator. Phosphorylation activates the regulatory activ-
ity of the response regulator and its binding to the target
gene. Intercellular signal transduction is often mediated by
transcription factors containing a ligand binding domain
and a DNA binding domain. The ligand binds to the tran-
scription factor leading to a conformational change in the
DNA binding domain which results in an increase or de-
crease in promoter binding affinity (8). Classical examples
are the catabolite activator protein CAP and the repressor
of the lactose operon Lacl (9,10).

There are many databases covering transcription fac-
tors, TCSs or signal transduction pathways in prokaryotes:
P2CS (11) contains TCSs of all available bacterial and ar-
chaeal genomes and their classification. The Swiss Insti-
tute of Bioinformatics (SIB) TCS database (12) contains a
large dataset of predicted TCSs based on a Bayesian model.
The MiST database (13) contains a large collection of sig-
nal transduction pathways for a large amount of organisms.
KEGG (14) also provides a TCS pathway map, covering
TCS-regulated genes. While these databases contain a com-
prehensive overview of available TCSs and TFs in various
organisms, none of them provides the binding sites of the
corresponding response regulators. BioCyc (15) aggregates
biological data for thousands of prokaryotic genomes from
various databases as well as from manual annotation. This
includes a large amount of regulatory data, including TF
binding site positions on the promoter region, phosphory-
lation reactions, regulatory data, TF binding site consensus
sequences and graphical representation of regulated oper-
ons. However, BioCyc does not provide individual binding
site sequences and access to the data is limited due to the
commercial character of the database. Other databases are
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covering transcription factor binding sites for single bacte-
rial organisms like RegulonDB or EcoCyc for Escherichia
coli (16-18), DBTBS for Bacillus subtilis (19), CoryneReg-
Net for Corynebacteria (20), RhizioRegNet for Rhizobia
(21). While all the database resources mentioned above of-
fer a large quantity of gene regulation related data, none of
them focusses on exclusively experimental validated tran-
scription factor binding sites for different organisms. Addi-
tionally, none of the databases provides tools for the pre-
diction of TF binding sites based on existing binding site
sequences.

To integrate as many bacterial transcription factor bind-
ing sites as possible PRODORIC was established in 2003
(22) containing transcription factor binding sites from five
organisms, E. coli, B. subtilis, Pseudomonas aeruginosa, Lis-
teria monocytogenes and Helicobacter pylori. With the 2005
update Virtual Footprint, a tool for in silico regulon pre-
diction, was integrated into PRODORIC (23). ProdoNet, a
tool for identification and visualization of gene regulatory
networks based on data stored in PRODORIC or gener-
ated by Virtual Footprint, was released in 2008 (24). The
latest release of PRODORIC in 2017 started the overhaul
and modernization of PRODORIC to bring the database
to a state-of-the-art visual and technological standard for
future developments (25).

Here we finally conclude this transition process of the al-
most two decades old database to present a modern, easy to
use and highly effective bioinformatics tool.

DATABASE CURATION

The literature curation process of the last 18 years was
carefully re-evaluated in the light of our aim to provide
solely high quality data in PRODORIC. Thus, we defined
clear guidelines for data curation and the corresponding
experimental evidences required for data inclusion into
the PRODORIC database. For this purpose, the complete
database content was reannotated. During this process,
transcription factor binding sites not matching these guide-
lines were removed. Additionally, duplicate transcription
factor binding site annotations, for example with different
binding site length or alternative names, were merged into
one dataset. These merged and deleted datasets are still part
of the database, but redirect to the combined dataset or
show a deletion note, respectively.

Introduction of the parameter ‘Experimental Evidence’

PRODORIC now distinguishes between three types of ex-
perimental evidences for a DNA binding site of a transcrip-
tional regulator, which are ‘In vivo expression evidence’,
‘Physical protein-DNA binding evidence’ and ‘Binding site
variation evidence’. Correspondingly, different methods for
every evidence group were defined. Those evidence groups
are based on Evidence and Conclusion Ontology (ECO)
(26).

In vivo expression evidence (ECO:0000049) describes the
ability to change the expression of a gene when the tran-
scription factor of interest is bound to the corresponding
promoter region. In vivo methods sustaining this experi-
mental evidence group include any kind of reporter gene-

based expression assay, like B-Glucuronidase activity as-
says (27), B-galactosidase activity assay (28) or fluorescence
based reporter assays (29). Here, the promoter region con-
taining the transcription factor binding site is cloned to the
reporter gene and the expression is either measured with
and without transcription factor (mutant strain). Impor-
tantly, results from solely high throughput methods, like
RNAseq or DNA microarrays are not sufficient for in-
clusion of the observed gene regulation phenomenon to
the database. Nevertheless, the automated solid interpre-
tation of such data with respect to the corresponding un-
derlying gene regulatory networks will be subject to future
PRODORIC developments.

Physical protein-DNA binding evidence (ECO:0000136)
describes the actual physical binding of a transcription fac-
tor to a specific segment of DNA. In vitro methods includ-
ing ‘footprint assays’ or gel retardation/electrophoretic mo-
bility shift assays (EMSA) are widely used to detect the
binding of regulators to a specific segment of DNA. Com-
mon methods are DNasel footprinting assay (30), methy-
lation protection/interference assay, 10-phenanthroline-
copper footprint (31) and hydroxyl radical protection foot-
print (32). The binding region is either defined by the pro-
tected area of the footprint assay or by the DNA fragment
successfully used for gel retardation assay.

Binding site variation evidence describes the verification
of an actual DNA binding motif of a transcriptional regula-
tor of interest by site-directed mutagenesis (ECO:0005528)
or successive deletion (EC0O:0001038) of the binding region
in order to define an exact location and DNA sequence
composition of the actual DNA binding site. Both tech-
niques are usually combined with in vivo expression assay,
footprint analyses or EMSAs.

For every binding site, the experimental method was ex-
tracted from the literature and is displayed on the matrix
summary description. Additionally, a circular evidence in-
dicator with three segments, representing the three evidence
groups, is displayed for every binding site.

Sigma factors

Sigma factors are the environmental signal-specific DNA-
binding subunits of RNA polymerase and essential for tran-
scriptional initiation. They mediate environmental signals,
including nitrogen status, heat and extreme heat shock, var-
ious environmental stresses, the need for flagella formation
or iron transport (33-35). Sigma factors bind around the
—35 and -10 regions of a classical bacteria promoter near
the transcriptional start site (36). While some sigma fac-
tors need a specific spacer region length between the con-
served —35 and —10 motifs, other sigma factors tolerate dif-
ferent spacer lengths (37). Previously, PRODORIC stored
two distinct binding-sites for —35 and —10 consensus se-
quences for almost all sigma factors. In the latest version of
PRODORIC, sigma factors are stored as one database en-
try, containing the aligned conserved —35 and —10 regions
separated by a variable spacer region. Most sigma factor
binding sites are defined by experimentally determined tran-
scriptional start sites using the primer extension technology
(38) and therefore may not have experimental evidence as
described above.
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Figure 1. Number of transcription factors per organism compared to the 2017 release of PRODORIC. Gray bars are the transcription factors in the
previous version of PRODORIC. Red and orange hatched boxes are the transcription factors removed from PRODORIC or merged with other datasets,
respectively. Green bars are new transcription factors added in this release. Numbers above the bars are the increase in percent compared to the 2017 release

minus removed or merged datasets.

Activation and repression of gene expression, influence of
operon structures

PRODORIC now collects the regulatory mode of action
(activation or repression) for every regulatory site. Ad-
ditionally, the regulatory influence of effector binding or
phosphorylation by a sensor histidine kinase is recorded.
This information is displayed for every binding site and in
the matrix summary.

A transcription factor can regulate a single gene or multi-
ple genes organized in an operon. While some publications
provide all genes in a regulated operon when describing a
transcription factor binding site, many publications only
use the first gene in an operon. To get the maximum amount
of information about the regulated genes, we automatically
use the operon database ODB (39) to check if a regulated
gene is part of an operon and add any missing genes of the
potential operon. This is now automatically performed by
matching the gene or operon name from the literature to the
known operons from ODB.

Database statistics

The 2017 release of PRODORIC contained 307 tran-
scription factors from 21 different organisms. During cur-
rent reannotation of PRODORIC, 49 transcription factors,
mainly sigma factors, have been merged with other datasets.
Five transcription factor datasets have been removed: the
transcription attenuation proteins MtrB (MX000015 and
MX000056) and PyrR (MX000061) from B. subtilis, the
RNA chaperone CspA (MX000117) from E. coli and SenS
(MXO000063) from B. subtilis, was found not experimen-
tally verified since no corresponding DNA binding site se-
quences were found in the literature. Moreover, 109 tran-
scription factors were added to the database, 53 to existing
organisms and 56 to newly added organisms (Figure 1, Ta-
ble 1). PRODORIC now covers transcription factor bind-
ing sites for 27 organisms. We have added 6 new organisms
in this release: the H, producing, hyperthermophilic and

Table 1. Absolute numbers of PRODORICs transcription factors (TFs)
and transcription factor binding sites (TFBSs) in the 2021 release com-
pared to the 2017 release

2017 release  Merged Deleted Added 2021 release
TFs 307 49 5 109 362
TFBSs 4106 936 436 517 3238

anaerobic bacterium Thermotoga maritima (40), the plant
growth-promoting Rhizobium leguminosarum (41) and the
human pathogens Yersinia pestis (42), Klebsiella pneumo-
niae (43,44), Vibrio cholerae (45) and Salmonella enterica
(46,47). The 2017 release of PRODORIC contained 4106
binding sites. During reannotation 936 binding sites were
merged resulting in a new dataset, 436 binding sites were
deleted (including 13 from deleted TFs) and 517 binding
sites were added to PRODORIC (Table 1).

The new PRODORIC release now contains functional
regulatory data for every transcription factor: 53.9% of the
regulated operons are positively regulated, 42.3% are nega-
tively regulated, for 3.5% of the genes the regulatory effect is
unknown and 0.3% of the genes are positively or negatively
regulated when the transcription factor is bound to the pro-
moter (Figure 2A). For 29.7% of the regulated genes, one or
more effector molecule is recorded, 10.6% are controlled by
a two-component system and phosphorylation of the cor-
responding response regulator and for the remaining 59.8%
no additional information about regulation was given (Fig-
ure 2B).

Every binding site in PRODORIC is based on experi-
mental evidence categorized into the three groups outlined
above. The majority of the binding sites are based on phys-
ical protein-DNA interaction binding (27.9%), in vivo ex-
pression evidence (20%) or both (26.5%). 2.4% of the bind-
ing sites are based on DNA binding site variation evidence
experiments together with physical protein-DNA binding
evidence, 2.7% DNA binding site variation evidence to-
gether with in vivo expression evidence and 11.3% of the
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Figure 3. Venn diagram showing the number of binding sites elucidated by
experiments categorized into three groups of experimental evidence. Sigma
factors are not categorized into the three groups of experimental evidence.

binding sites are based on all three types of experimental
evidence (Figure 3). The only exception of this approach re-
lies to most sigma factors, which make 9.1% of the binding
sites in PRODORIC.

MAJOR IMPROVEMENTS

With the 2017 release of PRODORIC?2, a transition phase
was started to implement a modern and maintainable state-
of-the-art version of PRODORIC, which paves the path for
future applications. For the course of this transition phase,
the original PRODORIC website (http://www.prodoric.
de) was kept active and the new version was released as
PRODORIC?2 (http://www.prodoric2.de). With this release
the transition is over and PRODORIC is unified again,
bringing back some of the features missing in PRODORIC2
and is consequently released simply as PRODORIC again
(https://www.prodoric.de).

Backend infrastructure

We chose Python (48) as primary language for the future
development of PRODORIC. Python is widely used in ap-
plication development, scientific data analysis and web-
server backend programming, this makes Python the per-
fect choice for the future developments of PRODORIC.
PRODORIC uses FastAPI to access the database and pro-
vide the data on a representational state transfer (REST)
application programming interface (API).

The new database backend is based on the non-relational
NoSQL database MongoDB. Here, data is stored as docu-
ments in JSON format rather than in tables. The structure of
those documents is flexible and not bound to a pre-defined
schema, which makes future changes of the database eas-
ier. Additionally, MongoDB is horizontally scalable if more
computational power is needed in the future.

Application Programming Interface

Al PRODORIC data is available under Creative Commons
Attribution-NonCommercial 4.0 (CC BY-NC 4.0) license.
The data can be downloaded in CSV and JSON format or
accessed through the REST API. A variety of endpoints
is provided to access the data stored in the database and
to submit Virtual Footprint analysis to the PRODORIC
server. A full interactive API documentation is available at
https://www.prodoric.de/api/.

Website

The PRODORIC website now fully supports mobile de-
vices, replacing result tables with a tile view on small screen
sizes. The website is build on the VuelJS framework, which
reduces server accesses to API calls once the page has been
loaded.

The core of PRODORIC:s data is the transcription factor
or matrix summary page. The page includes cross-references
to the organism specific databases BacDive (49), Genbank
(50) and KEGG (14), and the protein-specific databases
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RCSB Protein Data Bank (PDB) (51) and Uniprot (52).
Additionally, a text summary of the transcription factors
characteristics, links to PRODORICs tools, the sequence
logo, the list of binding sites and all literature references
are part of the summary page (Figure 4). The sequence
logo of the binding site is downloadable in SVG and PNG
format, the binding site data is downloadable in CSV,
FASTA and TRANSFAC (53) format. Additionally, we
added download in MEME (54) and JSON formats to the
new PRODORIC release.

Regulation by certain effectors or via trans-
phosphorylation is described in the corresponding text
summary and for every binding site. The experimental
evidence is displayed as a circle with three segments repre-
senting the various types of experiments described earlier.
The color code indicates the number of evidence classes
covered by the corresponding experiments extracted from
literature (Figure 5).

The matrices list is sortable and searchable and gives a
quick overview of the transcription factor binding site char-
acteristics. In the tabular view, the colorized consensus se-
quence of the binding motif is displayed and in the mobile
view the sequence logo is displayed.

Improved Virtual Footprint

The Virtual Footprint tool for the prediction of transcrip-
tion factor binding sites (23), was rewritten in Python to
fit into the new PRODORIC ecosystem. The 2017 release
of PRODORIC only covered the genome wide search with
one transcription factor (regulon analysis), omitting many
popular features of the original PRODORIC. We now rein-
troduced features like the search with multiple transcription
factors in smaller sequences, like promoter regions (pro-
moter analysis).

One of the major limitations of the 2017 release
of PRODORICs Virtual Footprint was the limitation
of searching Genbank files previously stored on the
PRODORIC webserver. While a large amount of Gen-
bank files were available, newly elucidated genomes needed
to be manually added regularly to the server. However,
this approach limited the search function to publicly
available Genbank genomes only. To address both issues,
PRODORIC now allows for three different types of se-
quence inputs: 1. The user can directly search for Gen-
bank entries available at the NCBI (50). The PRODORIC
website uses the Entrez programming utilities (55) to ac-
cess all Genbank entries and uploads the Genbank files to
the PRODORIC server, if needed. The PRODORIC server
stores frequently used Genbank files in a prepared JSON
format for quick access. 2. Genbank files can directly be up-
loaded to PRODORIC, allowing to search in unpublished
Genbank files. 3. Upload and text input of sequences in
FASTA format is also available, however, result mapping
to genes is only available when Genbank files are used as
input. In addition to the search for binding sites stored in
PRODORIC, the user can now define a custom matrix in
FASTA format. PRODORIC calculates the position weight
matrix for the custom input and displays the resulting se-
quence logo.

Nucleic Acids Research, 2022, Vol. 50, Database issue D299

The Genome Browser is back

The Genome Browser is now reintroduced into the
PRODORIC website. The new version is dynamic and genes
are visualized on the corresponding genome sequence in
high quality. The identical Genbank inputs as for Vir-
tual Footprint are available for the Genome Browser visu-
alization. All data processing and storage can be done lo-
cally without upload of data to the PRODORIC webserver.
Similar to the original version of the Genome Browser of
PRODORIC, Genbank genomes can be visualized graph-
ically and additionally in the DNA sequence mode. Thus,
genes are displayed on an interactive map and addition-
ally on the level of the genome sequence. The new Virtual
Footprint tool links directly to the regulatory region in the
Genome Browser and significantly improves the visualiza-
tion of the Virtual Footprint results on the genome level.

Newly integrated network visualization

In 2008 ProdoNet, a web-application for the visualization
of gene regulatory networks, was released (24). ProdoNet
was based on experimental gene regulatory data of the
PRODORIC database and regulon predictions from the
Virtual Footprint tool. Originally, the network visual-
ization of ProdoNet was implemented as a Java applet
and was not accessible anymore. Thus, we implemented
gene network visualization based on ProdoNet for this
version of PRODORIC using the vis.js network library.
Currently, PRODORICs new network view only visual-
izes the data present in PRODORIC. For most organ-
isms in PRODORIC, experimentally validated gene regu-
lation data is limited. Therefore, mapping of experimental
data is not implemented. Clearly, this is the next step in
PRODORIC development.

Network visualization is available for single transcrip-
tion factor entries or all transcription factors for an organ-
ism in PRODORIC. Genes of regulated operons are locally
grouped together, the type of regulation is indicated by the
arrow connecting the transcription factor and regulation of
the transcription factor can be selected (if one or more ef-
fector, condition or kinase is given) and the graph adapts to
the change (Figure 6). The network can be downloaded in
PNG and JSON format.

CONCLUSION

With this major upgrade, PRODORIC left the transition
phase started in 2017. The new Python and MongoDB-
based backend will allow for more rapid progress in fu-
ture developments. Many missing features from the origi-
nal PRODORIC have been reintroduced to PRODORIC,
like Genome Browser, ProdoNet network visualization, pro-
moter analysis and custom matrices. With the reannotation
of the whole database, we increased the quality of the data
stored in PRODORIC by addition of regulatory informa-
tion and experimental evidence for every binding site. Be-
side the qualitative improvements, we added more than 100
new transcription factors to existing organisms and to six
new organisms like Y. pestis, S. enterica and V. cholerae.
We created the new PRODORIC website with a mobile
first approach to make the database as accessible as pos-
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sible when using mobile devices. This works perfectly for
text based content. However, while Genome Browser and
ProdoNet are fully functional on mobile devices, the best
user experience is achieved on larger screen sizes.

The reintroduction of regulatory network visualization
to PRODORIC will allow future mapping of experimen-
tal data to the regulatory networks stored in PRODORIC.
However, for the most organisms only a small amount of
transcription factors are stored in PRODORIC. Even E.
coli, the organism with the most transcription factors in
PRODORIC does not cover all 147 predicted transcription
factors (56). Future additions to the PRODORIC database
have to focus on addition to the existing organisms to allow
for a reliable mapping of transcriptional data to a regula-
tory network. To increase the number of binding sites and
transcription factors, PRODORICs data curation process
would highly benefit from text mining to pre-select publica-
tions for manual curation.

speM

speF

Figure 6. Network visualization example of the transcription factor CsrR
from Streptococcus pyogenes (MX000041). The transcription factor (grey
ellipse) regulates operons (white square) or genes (rounded box), the regu-
lation type is indicated by arrows: activation (green), repression (red). The
expression of the transcription factor is indicated by the dashed grey arrow.
The color of the genes indicates members of the same operon.

There are many transcription factors which only bind
to one specific binding site, regulating only one promoter.
So far, those transcription factors have not been added to
PRODORIC, because this would result in a position weight
matrix constructed from just one binding sequence. A sim-
ilar problem exists for matrices with only few binding sites,



where the specificity of the conserved nucleotides can not be
determined correctly. As many transcription factors bind as
dimers to palindromic repeats, one possible approach would
be to only use the conserved half-sites of the binding sites to
construct a position weight matrix and use two half-site ma-
trices with a non-specific spacer region of the correct length
for the Virtual Footprint search. Another approach would
be to cluster conserved transcription factor binding sites
from multiple organisms to construct a position weight ma-
trix.

Additionally, genes are not only regulated by TFs bind-
ing to a promoter region. The location of a TF binding
side with respect to the transcriptional start site, multi-
promoter-operons or overlap with other competing tran-
scription factor or sigma factor binding sites are currently
not covered by PRODORIC. Here, PRODORIC needs to
expand in the future, to cover the actual complex promoter
structure and to convey a comprehensive overview of regu-
lation at the multiple signal integration level.

The switch to Python as primary programming language
will allow us to create a PRODORIC Python package, that
provides convenient access to the PRODORIC data via the
REST API, local Virtual Footprint analysis and data visu-
alization.
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