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RESUMO

O gênero Corynebacterium é um grupo heterogêneo de organismos de relevância biotecnológica,
médica e veterinária. A sua diversidade permite aos organismos viverem em uma grande
variedade de ambientes. Os organismos devem ser capazes de ajustar sua maquinaria de
expressão gênica para se adaptar a ambientes hostis. A regulação transcricional desempenha um
papel crucial nesse processo; permitindo à bactéria mudar rapidamente o conjunto de genes
sendo expressos para lidar com os desafios do ambiente. Compreender os mecanismos
envolvidos na regulação transcricional é um passo fundamental para compreender como os
organismos podem adaptar-se e desenvolver-se. Muitos estudos têm focado em revelar as redes
regulatórias gênicas (RRGs) transcricionais de organismos bacterianos; contudo, nosso
conhecimento está limitado a poucos organismos modelo com RRGs experimentais. Escherichia
coli é o organismo bacteriano mais estudado e, mesmo assim, é estimado que menos de 30% das
interações regulatórias entre fatores de transcrição (FTs) e genes alvo (GAs) é conhecida. Neste
contexto, abordagens computacionais permitem aos pesquisadores revelar as RRGs de muitos
organismos com base na conservação evolutiva das RRGs de organismos modelo. Considerando
o gênero Corynebacterium, pouco se conhece do seu repertório regulatório transcricional. Este
gênero é de crucial importância para a medicina, veterinária e biotecnologia por conter patógenos
que afetam a saúde humana e animal e também organismos produtores de aminoácidos.
CoryneRegNet é o banco de dados de referência em regulação transcricional do gênero
Corynebacterium desde 2006. Nesta tese, nós estendemos o conhecimento regulatório
transcricional do gênero Corynebacterium e avaliamos a consistência da RRG de
Corynebacterium glutamicum com seus dados de expressão gênica. No primeiro artigo
científico, nós apresentamos a sétima versão do CoryneRegNet, o qual atualmente armazena
RRGs transcricionais de 225 organismos do gênero Corynebacterium, representando um
aumento de 20 vezes o número de organismos deste gênero com RRGs conhecidas. O
conhecimento regulatório gerado combinado com dados oriundos da literatura resultou no
primeiro artigo de revisão da RRG transcricional de Corynebacterium pseudotuberculosis, na
qual nós apresentamos os mecanismos transcricionais conhecidos deste organismo quando
submetido a estresse osmótico, ácido, escassez de ferro e térmico. No terceiro artigo científico,
nós avaliamos a consistência entre dados de expressão gênica e a RRG de C. glutamicum
aplicando um modelo de consistência assinada. Nossos resultados mostram que a RRG de C.
glutamicum não é mais consistente que RRGs aleatórias, sugerindo que dados ômicos de outros
elementos regulatórios como regulação pós-transcricional e traducional, deveriam ser integrados
em futuros estudos de RRGs neste organismo. Nós concluímos que estamos apenas começando a
compreender o panorama regulatório do gênero Corynebacterium e que novas camadas de
regulação deveriam ser integradas às RRGs para reconstruir redes mais confiáveis para este
gênero.
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ABSTRACT

The Corynebacterium genus is a very heterogeneous group of organisms of biotechnological,
medical and veterinary relevance. Its diversity allows its organisms to live in a wide range of
environments. The organisms must quickly adapt their gene expression machinery to acclimate
to hostile environments. Transcriptional regulation plays a crucial role in this process; it allows
bacteria to quickly change the set of genes expressed to cope with the environment's challenges.
Understanding the mechanisms underlying transcription regulation is a crucial step in
understanding how organisms can adapt and thrive. Several studies have focused on unraveling
the transcriptional gene regulatory networks (GRNs) of bacterial organisms; however, our
knowledge is limited to a few model organisms with experimentally verified GRNs. Note that
Escherichia coli is the best-studied bacterial organism and yet it is estimated that our knowledge
corresponds to less than 30% of regulatory interactions between transcription factors (TFs) and
target genes (TGs). In this context, computational approaches allow researchers to unravel the
GRNs of many organisms based on the evolutionary conservation of the model organisms’
networks. Taken into account the Corynebacterium genus, little is known regarding their
transcriptional regulatory repertory. This genus is greatly relevant for medicine, veterinary and
biotechnology, comprising pathogens that affect human and animal health as well as amino acid
producer organisms. CoryneRegNet has been the reference database for corynebacterial
transcriptional regulatory knowledge since 2006. Here, we extend the transcriptional regulatory
knowledge of the Corynebacterium genus and assess the consistency of the Corynebacterium
glutamicum GRN with its gene expression data. In the first research article, we present the
seventh version of CoryneRegNet, which now holds transcriptional GRNs for 225
corynebacterial organisms, increasing by twenty times the number of organisms with known
GRNs of this genus. This regulatory knowledge combined with literature research resulted in the
first review article of the transcriptional GRN of Corynebacterium pseudotuberculosis, in which
we present the known transcriptional mechanisms of this organism under osmotic, acid,
iron-starvation and thermal stress. In the third research article, we assessed the consistency
between gene expression data and the C. glutamicum GRN by applying a conservative sign
consistency model. Our results show that the C. glutamicum GRN is not more consistent than
random GRNs, suggesting that omics data concerning other regulatory elements, such as
post-transcriptional and translational regulation, should be integrated in future GRN studies for
this organism. We conclude that we have just begun to understand the Corynebacterium genus'
regulatory landscape and that new layers of regulation should be integrated into the GRNs to
reconstruct more reliable networks for this genus.

Keywords: transcriptional gene regulatory networks, transcription regulation, transcription
factors, regulatory elements, Corynebacterium.
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I. STRUCTURE
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This manuscript is organized into 6 sections and an appendix. Section I presents the
structure of this manuscript. In section II, we first introduce gene expression and the
transcriptional regulatory mechanisms. We then present the importance of key transcriptional
regulatory elements, such as transcription factors (TFs), sigma factors and transcription factor
binding sites (TFBSs). We discuss the main experimental and computational approaches to
reconstruct transcriptional gene regulatory networks (GRNs) and present databases holding
bacterial GRNs. Furthermore, we introduce the Corynebacterium genus, the transcriptional GRN
reference database for this genus CoryneRegNet and methods to assess the consistency of
bacterial GRNs.

Section III presents the objectives of this thesis. In section IV, we present (i) the
transcriptional gene regulatory networks of the Corynebacterium genus and (ii) the assessment of
the consistency between the C. glutamicum GRN and its gene expression data. The first presents
CoryneRegNet 7, the latest version of the reference database for GRNs of the Corynebacterium
genus, and a review of the transcriptional GRN of C. pseudotuberculosis, which combines
literature data and the predicted GRNs from CoryneRegNet. CoryneRegNet 7 is published in the
journal Scientific Data and the review is published in the journal Microorganisms. The second
assesses the consistency between C. glutamicum GRN and its gene expression data available on
the GEO database. This research article is published in the journal Network and Systems
Medicine.

In section V, we discuss the new functionalities of CoryneRegNet, including the new
transfer pipeline and its improvements and limitations. We also discuss the currently available
knowledge concerning C. pseudotuberculosis' regulatory interactions and the high inconsistency
found when assessing the consistency between the C. glutamicum GRN and its gene expression
data. In section VI, we conclude that (i) the new version of CoryneRegNet extended the
knowledge regarding transcriptional GRNs of Corynebacterium genus, (ii) little is known
concerning the transcriptional regulatory mechanisms of C. pseudotuberculosis and (iii) new
regulatory layers should be integrated into the GRNs. This section also presents the perspectives
of this thesis. Finally, the appendix presents published, submitted and forthcoming research
articles.
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II. BACKGROUND & MOTIVATION

13



II.1 Gene expression

Gene expression is the process of making a functional product from the information
stored in genes. The main steps in this process are transcription and translation. During the
transcription step, the DNA sequence of a gene is transcribed to become an RNA molecule.
Then, the RNA molecule is translated to become a protein (BERVOETS; CHARLIER, 2019). In
bacteria, transcription and translation are highly regulated and linked in time and space
(MCGARY; NUDLER, 2013). This tight regulation is crucial to bacteria because it prevents
them from wasting energy and resources; consequently, the organism maintains its potential
virulence and fitness in a continually changing and challenging environment (BERVOETS;
CHARLIER, 2019; FREYRE-GONZÁLEZ et al., 2013).

The main techniques that identify gene expression include microarrays (SCHENA et al.,
1995) and RNA-Seq (NAGALAKSHMI et al., 2008). In the microarrays, the DNA of target
organisms is chemically linked to probes on a substrate chip; the fluorescence emission is then
measured to obtain the gene expression values of the genes of interest (LUCCHINI;
THOMPSON; HINTON, 2001; SCHENA et al., 1995). In the RNA-Seq method, the complete
set of RNA of an organism can be unraveled and quantified through converting RNA into cDNA,
sequencing it and computationally analyzing the transcript sequences (NAGALAKSHMI et al.,
2008).

II.2 Transcriptional regulation

Transcription regulation is considered the main regulatory step for most bacterial genes
(BROWNING; BUSBY, 2004, 2016). In this step, bacteria can quickly adjust the molecular
machinery in response to changes in the environment (BALLEZA et al., 2009; MADIGAN et
al., 2014). The transcription process occurs in three stages: transcription initiation, elongation
and termination. The transcription initiation is considered the key step of transcription to keep
homeostasis (BROWNING; BUSBY, 2004). In this process, sigma factors and transcription
factors (TFs) are key transcriptional regulatory elements (BROWNING; BUSBY, 2016;
MADIGAN et al., 2014; PAGET, 2015).

Sigma factors mediate transcription by assisting the RNA Polymerase to identify and
open the DNA strands in the promoter region, interacting with TFs, and then acting during the
early stages of RNA synthesis. They can be categorized as either essential or alternatives. The
essential one is also known as the housekeeping sigma factor and is required to express most
genes. Alternative sigma factors are required for the expression of genes in response to stress
conditions and developmental processes (BERVOETS; CHARLIER, 2019; DAVIS;
KESTHELY; FRANKLIN, 2017; PAGET, 2015). TFs are regulatory proteins that mediate gene
expression by recognizing and binding to specific motifs called transcription factor binding sites
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(TFBSs) in the promoter region of their target genes (TGs). Their interaction with the TFBSs can
activate or repress gene expression (BERVOETS; CHARLIER, 2019; PABO; SAUER, 1992).
The activation or repression of a gene or operon may also be modulated by the concentration of
its substrate, product or a chemical derivative of either of these (KREBS et al., 2013). Figure 1
presents an overview of TF-driven regulation. For comprehensive reviews see (BALLEZA et al.,
2009; BERVOETS; CHARLIER, 2019; BROWNING; BUSBY, 2016).

Figure 1 - Positive and negative control with inducible and repressible control. a) Negative inducible: the TF
(repressor) prevents RNA polymerase from binding, blocking transcription. The presence of a specific substrate
inactivates the TF, initiating transcription. b) Negative repressible: the TF (repressor) is normally inactive; the
presence of a specific product activates the TF, blocking transcription. c) Positive inducible: the TF (activator) is
normally inactive, blocking transcription and the presence of a specific subtract activates the TF, activating
transcription. d) Positive repressible: the TF (activator) is normally active and activating the transcription process;
the presence of a specific substrate inactivates the TF, blocking transcription.
Source: Adapted from: (PIERCE, 2013).
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In addition to the transcription regulation mechanisms presented here, other mechanisms
influence gene expression, such as small RNAs (HÖR; GORSKI; VOGEL, 2018), promoter
modifications and methylation (BROWNING; BUSBY, 2016). However, the coactivity of the
mentioned molecular entities (RNA polymerase, promoter, sigma factors, TF and TFBS)
composes the minimal transcriptional regulatory system (BALLEZA et al., 2009).

II.3 Transcriptional Gene Regulatory Networks

The set of transcriptional regulatory interactions in the cell can be represented as
transcriptional Gene Regulatory Networks (GRNs), also known as Transcriptional Regulatory
Networks (TRNs), to understand the mechanisms that coordinate the ability of bacteria to
quickly adapt to environmental changes and establish cell homeostasis. GRNs are
computationally modeled as direct graphs where edges (or arcs) represent regulatory interactions
and vertices represent both regulatory proteins (TFs or sigma factors) and TGs (BABU; LANG;
ARAVIND, 2009; BAUMBACH; BRINKROLF; CZAJA; et al., 2006; THOMPSON; REGEV;
ROY, 2015).

The experimental reconstruction of GRNs is a complex, laborious and expensive task
(BAUMBACH; RAHMANN; TAUCH, 2009; GRAINGER; LEE; BUSBY, 2009; LEYN et al.,
2016). It consists of identifying both the expression profiles, using techniques such as
microarrays and RNA-Seq, and the TF in each regulatory interaction with its corresponding
TFBSs using, among others, the following techniques: Electrophoretic Mobility Shift Assay
(EMSA) (GARNER; REVZIN, 1986; HELLMAN; FRIED, 2007); Chromatin
Immunoprecipitation and DNA microarray (ChIP-chip) (HORAK; SNYDER, 2002); and
Chromatin Immunoprecipitation and sequencing (ChIP-seq) (BARSKI et al., 2007).
Experimental GRNs are available on online databases such as CoryneRegNet (PAULING;
RÖTTGER; TAUCH; et al., 2012) and Abasy Atlas (IBARRA-ARELLANO et al., 2016) for
Corynebacterium glutamicum, DBTBS (SIERRO et al., 2008) and Subtiwiki (Zhu and Stülke
2018) for Bacillus subtilis and RegulonDB (SANTOS-ZAVALETA et al., 2019) for Escherichia
coli. For comprehensive reviews see (HECKER et al., 2009; MERCATELLI et al., 2020;
THOMPSON; REGEV; ROY, 2015).

The computational reconstruction of GRNs allowed researchers to unravel these networks
based on the organism's sequence. To achieve this, researchers transferred the knowledge
acquired from well-studied organisms (also known as model organisms) to target organisms
(BAUMBACH, 2010; KILIÇ; ERILL, 2016; MADAN BABU; TEICHMANN; ARAVIND,
2006). Currently, there are three main approaches to transfer GRNs: (i) conserved genes, (ii)
conserved binding sites and (iii) by combining both. The conserved genes approach was the first
strategy to transfer the regulatory interactions by assuming that orthologous TFs regulate their
orthologous TGs (MADAN BABU; TEICHMANN; ARAVIND, 2006). The orthology detection
may be performed using bi-directional best BLAST hit (BBHs) (ALTSCHUL et al., 1997),
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OrthoFinder (EMMS; KELLY, 2019), OrthoMCL (LI; STOECKERT; ROOS, 2003), DIAMOND
(double index alignment of next-generation sequencing data) (BUCHFINK; XIE; HUSON,
2015) or phylogenetic trees (PRICE; DEHAL; ARKIN, 2007). The conserved binding site
approach converts the experimentally identified TFBSs into computational models for
profile-based prediction of regulatory interactions. It generally assumes that there is a regulatory
interaction if the TFBS of an orthologous TF is conserved. It may lead to the discovery of new
regulatory interactions that are not evolutionary conserved between model and target organisms;
however, orthologous TFs may regulate orthologous TGs binding different TFBSs
(BAUMBACH, 2010; KILIÇ; ERILL, 2016; VENANCIO; ARAVIND, 2009). TFBS prediction
is usually performed using Hidden Markov models (HMMs) (EDDY, 1998; KROGH et al.,
1994; WHEELER; EDDY, 2013), position weight matrices (PWMs) (BECKSTETTE et al.,
2006; GRIBSKOV; MCLACHLAN; EISENBERG, 1987) or using motif discovery algorithms
(BAILEY et al., 2009; NOVICHKOV et al., 2010).

The approach combining both orthologous genes and conserved binding sites first
searches for orthologous TFs and their orthologous TGs. It then searches for the conserved
TFBSs of those TFs in the promoter region of the orthologous TGs. The regulatory interaction is
considered conserved if the TF, the TG and the TFBS are preserved in the target genome.
Examples of the combined approach include the bioinformatic tool Regulogger (ALKEMA;
LENHARD; WASSERMAN, 2004), the work of Espinosa et al. (ESPINOSA et al., 2005) and
the work of Baumbach et al. (BAUMBACH; RAHMANN; TAUCH, 2009). Some works have
been focused on functional enrichment analysis based on literature search and manual curation
that has been applied and combined with homology-based methods (MERCATELLI et al., 2020;
MÉTRIS et al., 2017). For comprehensive reviews on computational approaches, see
(BAUMBACH, 2010; KILIÇ; ERILL, 2016; MERCATELLI et al., 2020; THOMPSON;
REGEV; ROY, 2015).

The application of computational approaches resulted in several online databases that
store and make available computational reconstructed GRNs. Among them, we can highlight:

● RegPredict (NOVICHKOV et al., 2010) used a conserved binding sites approach to
predict the GRNs of phylogenetically related organisms of representative species from
the taxonomic groups available on MicrobesOnline database (DEHAL et al., 2010). This
method supports the GRN prediction of up to 15 organisms simultaneously;

● EHECRegNet (PAULING; RÖTTGER; NEUNER; et al., 2012) applied a mixed
approach developed by Baumbach and collaborators (BAUMBACH; RAHMANN;
TAUCH, 2009). EHECRegNet used E. coli k-12 as a model organism to reconstruct the
GRNs of 16 human pathogenic E. coli;

● CoryneRegNet 6.0 (PAULING; RÖTTGER; TAUCH; et al., 2012) used the same mixed
approach to transfer the GRN from C. glutamicum ATCC 13032 to 10 organisms of the
Corynebacterium genus;
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● CMRegNet (ABREU et al., 2015) also applied the mixed approach developed by
Baumbach and collaborators (BAUMBACH; RAHMANN; TAUCH, 2009), using C.
glutamicum ATCC 13032 and M. tuberculosis H37Rv as model organisms to predict the
GRNs of 18 organisms of the Corynebacterium and Mycobacterium genera;

● SalmoNet (MÉTRIS et al., 2017) combined high throughput data, computational tools
and literature data to integrate and generate transcriptional, metabolic and protein-protein
interaction networks for 10 strains of Salmonella enterica;

● PRODORIC (ECKWEILER et al., 2018) applied a conserved binding site approach to
predict the GRNs of 27 organisms; the last version increases its quantity of TFBSs,
including new ones derived from high-throughput experiments and the prediction of new
TFBSs;

● Abasy Atlas (ESCORCIA-RODRÍGUEZ; TAUCH; FREYRE-GONZÁLEZ, 2020;
IBARRA-ARELLANO et al., 2016) is a meta-curated database that uses the
experimental regulatory networks of model organisms and literature data to predict the
regulatory networks of target organisms.

II.4 Corynebacterium genus

The Corynebacterium, Mycobacterium, Nocardia and Rhodococcus genera form the
CMRN group; this group is part of the order Corynebacteriales. Members of the CMRN group
share specific characteristics such as high GC content and cell wall composition (peptidoglycans,
arabinogalactans and mycolic acids). The Corynebacterium genus is a heterogeneous group of
bacteria in terms of shape, oxygen requirements and habitat; additionally, the organisms are of
medical, veterinary and biotechnological relevance (DORELLA et al., 2006; GOODFELLOW;
JONES, 2015; OLIVEIRA et al., 2017). There are 125 validated Corynebacterium species on the
DSMZ database (DSMZ, 2021) and, amongst them, more than 50 have their genome sequences
available on the NCBI database.

C. glutamicum is a soil bacterium and is considered the model organism of this genus. It
has been widely used in the biotechnological industry in the amino acid production for its ability
to produce large amounts of L-glutamine and L-lysine by fermentation (GEORGI; RITTMANN;
WENDISCH, 2005; IVANOV et al., 2013). The products generated using C. glutamicum strains
are estimated to have reached a market size of $20.4 billion USD in 2020 (SUN et al., 2019).
Due to the importance of its metabolic pathways, the transcriptional regulatory mechanisms have
been studied and unraveled (BRINKROLF; BRUNE; TAUCH, 2007; FREYRE-GONZÁLEZ;
TAUCH, 2017); its GRN is available on online databases (IBARRA-ARELLANO et al., 2016;
PAULING; RÖTTGER; TAUCH; et al., 2012).

Another relevant organism of this genus is the zoonotic pathogen Corynebacterium
pseudotuberculosis, which causes a great economic impact over livestock farming. This
pathogen is the etiological agent of several diseases depending on the biovar. The equi biovar
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causes pigeon fever or Ulcerative Lymphangitis (UL) in horses, mastitis and ulcerative
granulomatous lesions in cattle, and Oedematous Skin Disease (OSD) in buffaloes. The ovis
biovar causes Caseous Lymphadenitis (CLA) mainly in sheep, goats and humans (DORELLA et
al., 2006; SELIM, 2001; YERUHAM et al., 2004). The frequency and spreading of the diseases
caused by C. pseudotuberculosis have been increasing in the last years mainly in North America
(MUÑOZ-BUCIO et al., 2017; PARISE, D. et al., 2018; SPIER; AZEVEDO, 2017), yet there is
no efficient treatment to combat this organism (BRUM et al., 2017; COSTA et al., 2011;
DROPPA-ALMEIDA; FRANCESCHI; PADILHA, 2018). Despite its zoonotic and agribusiness
importance, few studies have analyzed C. pseudotuberculosis' transcriptional profile (GOMIDE;
DE SÁ; et al., 2018; GOMIDE; IBRAIM; et al., 2018; IBRAIM et al., 2019; PINTO et al.,
2014), experimentally studied its regulators (TIWARI et al., 2014) and only three strains have
had their GRNs partially unraveled (PAULING; RÖTTGER; TAUCH; et al., 2012). A detailed
study of what is known about the C. pseudotuberculosis GRN is presented in the second part of
Chapter I.

II.5 CoryneRegNet

CoryneRegNet has been the reference GRN database for the Corynebacterium genus
since 2006. Its first version presented the GRN of the model organism C. glutamicum, which was
reconstructed based on the integration of experimental studies and literature knowledge
(BAUMBACH; BRINKROLF; CZAJA; et al., 2006). CoryneRegNet 2 incorporated binding site
prediction analysis and integrated transcriptional data of C. diphtheriae, C. jeikeium and C.
efficiens (BAUMBACH; BRINKROLF; WITTKOP; et al., 2006). In the third version,
CoryneRegNet integrated the E. coli K-12 GRN from RegulonDB and allowed the visualization
of a gene's genetic organization in the genome and sequence logos of TFBSs (BAUMBACH et
al., 2007). Novelties in the fourth version included gene expression data analysis, homology
detection as well as species network comparison and analysis (BAUMBACH, 2007).
CoryneRegNet 5 was an internal release in which C. glutamicum was used as model organism to
transfer its GRN to C. diphtheriae, C. jeikeium and C. efficiens. In the sixth version, the authors
transferred the C. glutamicum GRN to 10 Corynebacterium organisms, thus, holding the GRNs
of 11 organisms of the Corynebacterium genus and E. coli K-12 (PAULING; RÖTTGER;
TAUCH; et al., 2012). Chapter I presents CoryneRegNet 7, which holds the GRNs of 4 model
organisms (C. glutamicum, E. coli, M. tuberculosis and B. subtilis) and of 224 other
corynebacteria.
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II.6 GRNs evaluation methods

GRNs have been used to understand the regulatory mechanisms in many organisms
through various types of applications ranging from medicine to biotechnology
(EMMERT-STREIB; DEHMER; HAIBE-KAINS, 2014; SCHRÖDER; TAUCH, 2010). In this
context, GRNs must be as accurate as possible to, for instance, design synthetic pathways for
amino-acid production or find drug and vaccine target candidates (IVANOV et al., 2013;
MADHAMSHETTIWAR et al., 2012; MCCARTY; LEDESMA-AMARO, 2019;
OSTERGAARD et al., 2000). Inaccurate GRNs may lead to unsuccessful experimental design or
genetic engineering. Despite the importance and need for accurate GRNs, few studies have
assessed their consistency with gene expression data (BAUMBACH; APELTSIN, 2008;
GUTIÉRREZ-RÍOS et al., 2003; MELAS et al., 2013) and only one of those performed the
assessment at a large scale (LARSEN et al., 2019). The evaluation methods employed in the
following studies are presented below:

● Gutiérrez-Ríos and collaborators built a rule-based approach to assess the consistency
between microarray experiments and the E. coli GRN (GUTIÉRREZ-RÍOS et al., 2003).

● Siegel and collaborators developed a sign consistency model providing a mathematical
framework to detect inconsistencies between regulatory networks and microarray data
(SIEGEL et al., 2006).

● BioQuali (GUZIOLOWSKI et al., 2009) is a Cytoscape app developed to detect
inconsistencies and suggest changes in a GRN that would explain the expression data.

● COMA (BAUMBACH; APELTSIN, 2008), another Cytoscape app, detects the
inconsistencies in regulatory interactions using a Boolean network model and a single
expression study.

● CytoASP (KITTAS et al., 2015) identifies inconsistencies by applying an answering set
programming approach and suggesting how to repair them.

● SigNetTrainer (MELAS et al., 2013) identifies and repairs regulatory interactions based
on a single gene expression experiment; it also detects insertions and deletions of
interactions for a specific set of experiments using an integer linear programming
approach.

● Larsen and collaborators applied a conservative sign consistency approach to assess the
consistency between E. coli GRN and a large gene expression compendium (LARSEN et
al., 2019).

Regarding C. glutamicum, no evaluation of the consistency between its GRNs and its
gene expression data was performed, as per our knowledge. The assessment of C. glutamicum
GRN and its gene expression data available on the GEO database (BARRETT et al., 2013) is
presented in Chapter II.
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II.7 Motivation

Understanding the mechanisms that control transcriptional regulation is crucial to
understand how organisms are able to adapt and survive to constant changes in the environment.
Several experimental assays have been performed to unravel and study these mechanisms, most
of them focusing on model organisms, such as E. coli, B. subtilis, M. tuberculosis and C.
glutamicum. Due to their costs and intensive work, these experiments are not feasible for all
organisms; thus, computational approaches have been developed and successfully applied. Both
experimental and computational approaches to unravel GRNs have been applied in organisms of
biotechnological, medical and veterinary importance, such as those in the Corynebacterium
genus. Despite the importance of this genus, only a few organisms have their GRNs partially
known. To expand the knowledge regarding the regulatory interactions that occur in the cell to
adapt to adverse changes in the environment, this work reconstructed the GRNs of all
corynebacteria with complete genomes available on the NCBI database (June 2019). Besides the
knowledge about the regulatory interactions that form a GRN, it is also crucial that these GRNs
are as accurate as possible to deliver precise results in situations such as a drug target being
searched using the network. This thesis also analyzed the consistency of the GRN of the model
organism C. glutamicum to understand its regulatory interactions' accuracy.
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III.1 Main objective

To extend and assess the transcriptional regulatory knowledge of the Corynebacterium
genus.

III.2 Specific objectives

● To perform a conservative transfer of C. glutamicum ATCC 13032, E. coli K-12,
B. subtilis 168 and M. tuberculosis H37Rv transcriptional GRNs to all fully
sequenced and annotated corynebacterial genomes available on NCBI;

● To assign statistical significance values to all regulatory interactions of the target
organisms;

● To re-implement CoryneRegNet’s back- and front-end to meet the requirements of
the updated database and support both new features, as well as future database
growth;

● To collect, summarize and examine current knowledge of transcriptional
regulation of C. pseudotuberculosis;

● To assess the consistency between C. glutamicum GRN and a large gene
expression dataset;

● To compare the consistency of experimental data with in silico generated data.
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IV.1 Chapter I - Transcriptional Gene Regulatory Networks of
Corynebacterium genus

IV.1.1 CoryneRegNet 7, the reference database and analysis platform for corynebacterial
gene regulatory networks

Authors: Mariana Teixeira Dornelles Parise*, Doglas Parise*, Rodrigo Bentes Kato, Josch
Konstantin Pauling, Andreas Tauch, Vasco Ariston de Carvalho Azevedo & Jan Baumbach

*Shared first authorship

Status: Published in the journal Scientific Data (impact factor: 5.541)

One of the main objectives of this thesis is to extend transcriptional regulatory knowledge
regarding the Corynebacterium genus. This article presents CoryneRegNet 7, which stores the
largest amount of GRN information available for this genus. It holds the GRNs of 225 organisms
belonging to the Corynebacterium genus, representing an increase of ~20 times the number of
organisms with GRNs available when compared to CoryneRegNet 6. CoryneRegNet 7 holds
9,590 TFs and sigma factors and over 82,000 regulatory interactions. Furthermore, we can
highlight the dynamic visualization of organisms' entire networks. The information stored in
CoryneRegNet helps the research community to better elucidate knowledge regarding
transcriptional mechanisms enabling adaptation, survival and infection.
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CoryneRegNet 7, the reference 
database and analysis platform for 
corynebacterial gene regulatory 
networks
Mariana teixeira Dornelles Parise1,2,5 ✉, Doglas Parise  1,2,5, Rodrigo Bentes Kato1, 
Josch Konstantin Pauling3, Andreas Tauch4, Vasco Ariston de Carvalho Azevedo1 & 
Jan Baumbach2

We present the newest version of CoryneRegNet, the reference database for corynebacterial 
regulatory interactions, available at www.exbio.wzw.tum.de/coryneregnet/. The exponential growth 
of next-generation sequencing data in recent years has allowed a better understanding of bacterial 
molecular mechanisms. Transcriptional regulation is one of the most important mechanisms for 
bacterial adaptation and survival. These mechanisms may be understood via an organism’s network of 
regulatory interactions. Although the Corynebacterium genus is important in medical, veterinary and 
biotechnological research, little is known concerning the transcriptional regulation of these bacteria. 
Here, we unravel transcriptional regulatory networks (TRNs) for 224 corynebacterial strains by utilizing 
genome-scale transfer of TRNs from four model organisms and assigning statistical significance values 
to all predicted regulations. As a result, the number of corynebacterial strains with TRNs increased 
twenty times and the back-end and front-end were reimplemented to support new features as well as 
future database growth. CoryneRegNet 7 is the largest TRN database for the Corynebacterium genus 
and aids in elucidating transcriptional mechanisms enabling adaptation, survival and infection.

Introduction
Next-generation sequencing (NGS) has unraveled the genomic sequence of a multitude of bacterial genomes1. 
Despite the amount of information, these data do not fully explain how organisms orchestrate their survival on 
a molecular level. To understand the mechanisms that coordinate an organism’s adaptation to environmental 
changes, it is crucial to understand how a cell maintains transcription2,3. The main players in the transcriptional 
regulation of bacterial organisms are transcription factors (TFs). These regulatory proteins recognize transcrip-
tion factor binding sites (TFBSs) in the upstream region of the respective target genes (TGs), stimulating or 
repressing their expression4–6. Experimental studies such as RNA-Seq7, microarray8, ChIP-chip and ChIP-seq9 
have been applied in order to reveal regulatory interactions in a cell. Nevertheless, performing these experiments 
for all bacterial strains would be labor-intensive and, thus, financially infeasible4,10. As a result, these experimental 
data are not available for every member of a bacterial genus.

To alleviate this lack of data, genome-scale transfer of TRNs has been applied providing insights into the reg-
ulatory mechanisms of bacterial organisms10,11. In this context, a model organism is an organism with the most 
complete and experimentally validated TRN which can be utilized to predict regulatory interactions in other 
organisms, called target organisms, with incomplete or less validated TRNs. TRNs are constructed as directed 
graphs where the nodes represent TFs and their TGs while the criterion to create an edge from a TF to a TG is 
the regulatory interaction between them6,12,13. Edge labels may then indicate the corresponding TFBSs and/or the 
type of the regulatory interaction. A reliable method to transfer TRNs from a model organism to taxonomically 
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related target organisms is to consider a regulatory interaction to be conserved between two organisms when 
the TF, the TG and the TFBS are all conserved4. Figure 1a illustrates a conserved regulatory interaction between 
two organisms. An example of a TRN transferred from a model organism to a target organism is represented in 
Fig. 1b. More extensive explanations on genome-scale TRN transfer methods can be found in Baumbach et al.11 
and Kiliç et al.14.

Both experimentally and computationally reconstructed TRNs are publicly available in databases such 
as RegulonDB15 for Escherichia coli, EHECRegNet16 for human pathogenic Escherichia coli, TB Portal17 and 
MTB Network Portal18 for Mycobacterium tuberculosis, DBTBS19 and Subtiwiki20 for Bacillus subtilis, and 
CoryneRegNet21 for the Corynebacterium genus. RegulonDB15 focuses on detailed and manually curated tran-
scriptional regulation data retrieved from literature for E. coli. MTB Network Portal18 and Subtiwiki20 provide 
literature-mined transcriptional regulation data on M. tuberculosis and B. subtilis. Abasy Atlas22 is an online 
collection of regulatory data covering 42 bacteria retrieved from both literature and other online databases. 
However, there is no resource focusing on corynebacterial gene regulatory networks, and no database that stores 
predicted TRNs based on evolutionary conservation across a whole collection of model and target organisms. 
CoryneRegNet has served as the reference database of the genus Corynebacterium since 200623. This genus 
includes organisms with medical, veterinary and biotechnological relevance24–27. While the National Center for 
Biotechnology Information (NCBI) database contains more than 60 corynebacterial species with fully sequenced 
and annotated genomes, there are TRNs of only eight of these species available in online databases.

The previous version of CoryneRegNet21 was released in 2012 presenting predicted (transferred) TRNs for 
eleven corynebacterial strains. The steady increase in corynebacterial genomic sequences contained in pub-
lic databases allows us to unravel further transcriptional regulatory interactions. In the seventh version of 
CoryneRegNet, we now present 82,268 regulatory interactions, an increase of more than eleven times compared 
to the sixth version, as well as 228 TRNs, increasing the number of corynebacterial strains with known TRNs by 
twenty times. It contains up-to-date regulatory information about the model organisms C. glutamicum ATCC 
13032, E. coli K-12, M. tuberculosis H37Rv and B. subtilis 168, and predicted TRNs of 224 target organisms of the 
Corynebacterium genus. Furthermore, we present an increase of more than seven times the number of corynebac-
terial species with TRNs available in public databases representing a great improvement for the bacterial gene 
regulatory network research community.

Results
In this section we present the results of the re-implemented back- and front-end, the updated database content 
and the predicted TRNs of all fully sequenced and annotated corynebacterial genomes.

Updated database content. In CoryneRegNet 7 we updated the database content by adding new model 
and target organisms. As in previous versions, TRNs are categorized as either experimentally validated or com-
putationally predicted. The former contains up-to-date TRNs of C. glutamicum ATCC 13032, E. coli K-12, M. 
tuberculosis H37Rv and B. subtilis 168, the latter contains predicted TRNs of a total of 224 corynebacterial strains. 
A full list of these strains as well as more details regarding the experimental and predicted databases are presented 
in Supplementary Table S1. The resulting number of predicted TFs, regulated genes, regulations, binding motifs 
and profile Hidden Markov Models (HMMs) are presented in Table 1 together with the evolution of the database 
content throughout previous CoryneRegNet versions.

Fig. 1 Overview of the computational reconstruction of TRNs. (a) General concept of regulatory conservation. 
(b) TRN transfer scheme: The TRN of a model organism (top) and the predicted TRN of the target organism 
including all transferred regulations (bottom). In the networks, nodes represent the genes and arrows represent 
the regulatory interactions.

https://doi.org/10.1038/s41597-020-0484-9


3Scientific Data |           (2020) 7:142  | https://doi.org/10.1038/s41597-020-0484-9

www.nature.com/scientificdatawww.nature.com/scientificdata/

Novel back- and front-end. In this work, we re-implemented CoryneRegNet’s back- and front-end, allow-
ing the user to browse the database via a modern and easy-to-use web-interface. The new architecture (Fig. 2) is 
inspired by the Model-View-Controller (MVC) architectural pattern28,29. This modular structure allows compo-
nents to be modified or replaced, facilitating maintenance and future updates.

CoryneRegNet web-interface. The CoryneRegNet 7 website contains TRNs of 224 corynebacterial target 
genomes and 4 model organisms. Information about quantities of regulator types, distribution of TFs, distribu-
tion of co-regulating TFs and distribution of HMM profile lengths are shown in the statistics page. Those are 
shown for each database (predicted and experimental) as well as for each organism. Figure 3 represents the sta-
tistics page for the experimental database.

Through the web-interface, the user is able to browse the TRNs in both table and network format. In table for-
mat, the list of regulatory interactions (RIs) provides source, target and operon information (Fig. 4a). The network 
visualization comes with two different layout options: a gene-centered layout and an operon-centered layout, see 
Fig. 4b,c, respectively. Both visualizations give access to gene information by clicking on the gene and/or operon 
of interest. Each network may also be downloaded in.sif file format. Additionally, the user can visualize networks 
of genes or operons of interest by using the network visualization in the gene information pop-up.

Version Organisms TFs
Reg. 
genes Regulations BMs PWMs

profile 
HMMs Publication

1.0 1 53 331 430 192 23 — Baumbach et al.23

2.0 4 64 499 607 274 29 — Baumbach et al.41

3.0 5 213 1632 2912 1522 130 — Baumbach et al.53

4.0 7 213 1632 2912 1522 130 — Baumbach et al.54

5.0e 11 245 1986 3712 1759 144 — —

5.0p 11 350 2888 4928 2553 249 — —

6.0e 12 245 1986 3712 1759 144 — Pauling et. al.21

6.0p 12 482 3946 6352 3429 381 — Pauling et. al.21

7.0e 4* 539 3921 8162 4974 — 446 This

7.0p 228 9590 57747 82268 56870 — 9497 This

Table 1. Content of experimental (e) and predicted (p) databases in this version and previous versions of 
CoryneRegNet. TFs, transcription factors; Reg. genes, regulated genes; BMs, binding motifs; PWMs position 
weight matrices; profile HMMs, profile hidden Markov models. Adapted from Pauling et al.21. *Please note that 
in previous versions of CoryneRegNet, all organisms were considered experimentally validated if their genomes 
had been experimentally verified through sequencing assays. However, to be more accurate, we changed this 
definition in this version. We now only consider an organism as experimentally validated if its experimentally 
verified TRN is available. This change of definition led to a decrease in the number of actual model organisms in 
the experimental view. In previous terms this number would have been 228.

Fig. 2 Schematic of the CoryneRegNet 7 architecture. The processing layer handles the TRN transfer and data 
parsing. The database access layer manages any query, update, insertion or deletion in the database. The view is 
responsible for user interaction through the browser. The controller conducts all the communication and data 
handling among the other three layers.
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Furthermore, we offer a detailed gene information page which shows gene identifiers linked to NCBI, nucle-
otide and protein sequences, homologous genes, and regulatory information. This page also allows the user to 
make additional motif searches in the database. A view of this page showing the putative homologous genes of 

Fig. 3 Overview of main statistics present in CoryneRegNet. In (a) the pie chart presents the quantities of 
regulator types in percentages, (b) represents the distribution of the numbers of TFs regulating a gene, (c) 
presents the distribution of co-regulating TFs, and (d) demonstrates the distribution of HMM profiles lengths.

Fig. 4 Example of a RI. (a) TG (cg0445) and its regulators in table format. (b,c) present the same TG as in (a), 
but in a graph format with gene-centered layout (b) and an operon-centered layout (c).
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cg0199 is presented in Fig. 5. The user is provided with information of all genes that are predicted to be homolo-
gous to the gene of interest that are present in CoryneRegNet 7.

At this point, CoryneRegNet 7 offers the biggest collection of profile HMMs publicly available for the 
Corynebacterium genus. See the methodology section for an explanation of how those were generated. These 
profiles and their logos are available for download in the gene information page of genes encoding transcription 
factors. In addition, the user can utilize the profile HMMs stored in the database to search the upstream region 
of genes present in CoryneRegNet 7. Two kinds of motif searches are provided: (i) the upstream region of the 
gene of interest can be searched with HMM profiles of an organism of interest (Fig. 6a) and (ii) the HMM profile 
of the TF of interest can then be used to identify potential binding sites in the upstream regions of all genes of an 
organism in the database (Fig. 6b).

Finally, the website provides a comprehensive help page with theoretical and practical explanations of the 
website content, methodology and navigation, including a broad collection of published literature concerning 
Corynebacterial transcriptional regulation. This help page can be accessed at www.exbio.wzw.tum.de/corynereg-
net/docs&help.htm.

Fig. 5 Detailed gene information page. Here, the “Homologous proteins” tab lists homologs of the cg0199 
protein in various other organisms.

Fig. 6 Kinds of motif search provided in CoryneRegNet 7. (a) HMM profiles of one organism being used to 
identify potential binding sites in the upstream region of a gene of interest. (b) HMM profile of interest being 
used to identify potential binding sites in all genes of an organism.

https://doi.org/10.1038/s41597-020-0484-9
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Discussion
In CoryneRegNet version 7, we entirely redesigned the back- and front-end to support the updated database con-
tent, new functional features as well as future database growth. As we did in the other versions, we present TRNs 
for all fully sequenced and annotated corynebacterial genomes available in NCBI (June 2019). Consequently, 
CoryneRegNet 7 currently offers the biggest knowledge base available regarding TRNs of corynebacterial organ-
isms. Along with our newly-designed web interface, we include an operon network layout and the option to down-
load network views from each organisms network visualization as a file (.sif). This allows users to modify and enrich 
the network locally and create personalized visualizations based on their own research using third-party software.

We also significantly improved our transfer pipeline in two ways. First, we replaced the use of Position Weight 
Matrices (PWMs) with profile HMMs in our motif conservation analysis. Profile HMMs enable the modelling of 
insertions and deletions, greatly improving the detection of remote homologous and model nucleotide depend-
ency as well as length variations in the model’s binding sites30–32. TFBSs are considered to have low evolutionary 
conservation between species11 and this strategy provides more robustness and flexibility when predicting them33. 
It is an advantage considering that mutations in these sites are expected to occur from one species to another. 
Second, we added the calculation of p-values, i.e. the likelihood of observing this conservation by chance, for each 
regulatory interaction which provides important information in interpreting the results.

Even though great progress has been made in the TRN field, there are still a few limitations concerning bacterial 
TRNs. The transfer of TRNs has been hindered by the limited availability of experimentally validated data on bacte-
rial TRNs which are available for only a few model organisms such as E. coli, B. subitilis and C. glutamicum4,14. TRN 
transfer from one organism to another largely depends on known regulatory interactions in the model organism 
as well as genome similarity between model and target organism4,11,13,14. Thus, the more experimental TRN data 
is available for a greater diversity of bacterial species, the higher the quality of any predicted TRNs. Furthermore, 
the ability of detecting regulatory interactions acquired by horizontal gene transfer (HGT) becomes relevant4,11,14 
considering regulatory interactions related to life-style may not be identified by using only one model organism. 
Using several model organisms allows us to identify these regulations. Previous studies point out that (i) known 
virulence determinants in Enterohemorrhagic E. coli are located on mobile genetic elements, which are generally 
acquired in HGT events16 and (ii) in E. coli neighboring regulators were co-transferred with their TGs in HGT34. 
Methodologies that support the use of more model organisms together with more high quality experimentally 
validated TRNs will result in more complete TRNs that will consider lifestyle-related regulatory interactions (e.g. 
pathogenic or non-pathogenic, free-living or host-associated). A first step in this direction was presented in this 
study, since we transferred regulatory interactions between organisms of different phyla and presented the joint 
p-value allowing the researcher to evaluate the degree of conservation of each predicted regulatory interaction.

Methods
Database content update. Genomic data of the 228 organisms used in this work were retrieved from the 
NCBI database35 in June 2019 (for more details see Supplementary Table S1). TRN data of the model organisms 
were retrieved from RegulonDB15 for E. coli K-12, Minch et al.36 for M. tuberculosis H37Rv, DBTBS19 for B. subti-
lis. C. glutamicum ATCC 13032 data from CoryneRegNet 621 were updated with new data from Freyre-González 
and Tauch (2017)37.

Fig. 7 Schematic overview of the TRN transfer pipeline.
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In order to predict TRNs for the 224 corynebacterial strains, we extended the transfer methodology described 
by Baumbach and collaborators4. First, TF binding profiles were generated for every TF of the model organisms. 
For this purpose, binding sites of each TF were collected, aligned with Clustal Omega38 and binding profiles were 
generated using HMM-build from the HMMER package39. Second, we performed all-vs-all protein BLAST40 
search and selected the best bidirectional BLAST hits (BBHs) using a cutoff of 10−10 to predict homologous 
proteins. The upstream regions (−560, +20) of all genes and operons in the analysis were identified. Third, the 
upstream regions of all homologous TGs in the target organisms were scanned using HMMER30 to predict con-
served TFBSs. Figure 1a illustrates this approach. The HMM profiles of the conserved TFs were applied to the 
upstream regions of the potentially regulated TGs by using HMMER’s default parameters, which corresponds to 
a p-value of ~10−5 41. Genes with an intergenic distance of less than 50 base pairs were considered to be part of 
the same operon and predicted regulatory interactions to the first gene were extended to the operon4. The role of 
a predicted regulatory interaction is inherited from the model regulatory interaction used in the transfer. Finally, 
profile HMMs were generated for predicted TFs as described above for model TFs. The interaction p-value was 
obtained by applying Tippet’s method42. The R package Metap43 was used to calculate the joint p-value of the 
p-values obtained in the homology and motif searches. These steps are summarized in Fig. 7.

Implementation of CoryneRegNet 7. The CoryneRegNet7 back-end was developed using Java and the 
database was implemented using the PostgreSQL44 management system for relational databases. Hibernate45 was 
used for object-relational mapping between PostgreSQL and Java. The Spring framework46 was used to implement 
a Model-View-Controller (MVC) architectural pattern28,29. The new front-end was developed using HTML547, 
CSS348, Bootstrap49 and JavaScript. We used vis.js50 to implement the network visualization and graphs in the 
statistics page were drawn using D351. The website was tested and runs on Google Chrome and Mozilla Firefox. 
Furthermore, the screen resolution was optimized for tablet (1024 × 768), laptop (1920 × 1080) and desktop 
(2560 × 1440) resolutions.

Data availability
All data generated in this work is provided to the research community free of charge as comma separated values 
(.csv format) via the figshare repository52 and in CoryneRegNet’s download section (http://www.exbio.wzw.tum.
de/coryneregnet/processToDownalod.htm).

Code availability
CoryneRegNet7 code is available on GitHub: https://github.com/baumbachlab/CoryneRegNet7.
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To achieve the objective of collecting, summarizing and examining the current
knowledge of transcriptional regulation of C. pseudotuberculosis, we combined a literature
analysis with the data and knowledge generated with CoryneRegNet. This review provides an
overview of the known regulatory mechanisms of C. pseudotuberculosis with a focus on
two-component systems, transcription factors and sigma factors. It presents the first panoramic
view of the transcriptional GRN of this important zoonotic organism.
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Abstract: Corynebacterium pseudotuberculosis is a Gram-positive, facultative intracellular, pathogenic
bacterium that infects several different hosts, yielding serious economic losses in livestock farming.
It causes several diseases including oedematous skin disease (OSD) in buffaloes, ulcerative lym-
phangitis (UL) in horses, and caseous lymphadenitis (CLA) in sheep, goats and humans. Despite
its economic and medical-veterinary importance, our understanding concerning this organism’s
transcriptional regulatory mechanisms is still limited. Here, we review the state of the art knowledge
on transcriptional regulatory mechanisms of this pathogenic species, covering regulatory interactions
mediated by two-component systems, transcription factors and sigma factors. Key transcriptional
regulatory players involved in virulence and pathogenicity of C. pseudotuberculosis, such as the PhoPR
system and DtxR, are in the focus of this review, as these regulators are promising targets for future
vaccine design and drug development. We conclude that more experimental studies are needed to
further understand the regulatory repertoire of this important zoonotic pathogen, and that regulators
are promising targets for future vaccine design and drug development.

Keywords: Corynebacterium pseudotuberculosis; transcriptional regulatory mechanisms; transcription
factors; two-component systems; sigma factors; virulence; pathogenicity

1. Introduction

Transcriptional regulation is one of the most important mechanisms of bacterial
adaptation to changes in the environment; in particular, pathogenic bacteria use this
mechanism to contend the conditions they are exposed to when infecting the host. These
conditions are associated with immune barriers imposed by the host to fight the infection;
for instance, pH, oxidative and osmotic stresses, temperature and changes in nutrient
availability. To quickly adapt, survive and establish the infection, transcriptional regulation
controls key biological processes, such as biofilm formation, quorum sensing, temperature
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sensing and regulation of virulence, are key transcriptional elements of pathogens [1].
For a comprehensive review of bacterial gene regulation mechanisms in general see, for
example, [2].

The main players in gene regulation are transcription factors (TFs), which are regula-
tory proteins that activate or repress the expression of their target genes (TGs) [3,4]. TF-TG
relationships can be experimentally investigated using techniques such as RNA-Seq [5],
expression microarrays [6], electrophoretic mobility shift assay (EMSA) [7,8], chromatin
immunoprecipitation and DNA microarray (ChIP-chip) [9] and chromatin immunopre-
cipitation and sequencing (ChIP-seq) [10]. RNA-Seq and expression microarrays are used
to measure the transcriptional profile of an organism under different conditions; for a
comparison of these techniques see [11] and for comprehensive reviews see [12–15]. EMSA,
ChIP-chip and ChIP-seq are used to identify transcription factor binding sites (TFBSs),
which are the genomic regions occupied by TFs to regulate gene expression. For compre-
hensive reviews about ChiP-chip and ChiP-Seq see [16–18].

To have a broader view of these TF-TG relationships in systems biology, we model
these as directed graphs in which the nodes represent the TFs or the TGs and the arcs,
also called directed edges, represent the regulatory interactions, forming what is called
transcriptional regulatory network (TRN) [3,4]. Data generated from both experimental
and computational techniques are often available from online TRN databases such as
RegulonDB [19] for Escherichia coli K12, Subtiwiki [20] for Bacillus subtilis, Abasy Atlas [21]
for Corynebacterium glutamicum and CoryneRegNet [22] for the genus Corynebacterium.
Such computational models have been utilized to understand the transcriptional mech-
anisms modulating cellular adaptation, survival and pathogenicity of several bacteria
species [23,24]. For instance, several studies have demonstrated the role of TFs in the
regulation of virulence in pathogenic bacteria such as Mycobacterium tuberculosis [25–29],
Pseudomonas aeruginosa [30] and Helicobacter pylori [31]. Despite the experimental and
computational advances, there are several understudied pathogenic bacteria that have no
efficient treatment, amongst them we can highlight Corynebacterium pseudotuberculosis.

C. pseudotuberculosis is a pathogenic bacterium that stands out for being an organism
of medical and veterinary importance that causes great economic impact on agriculture
worldwide. This bacterium is a Gram-positive, facultative intracellular organism that is
part of the order Corynebacteriales, which includes species of Corynebacterium, Mycobac-
terium, Nocardia and others. It is also classified into equi and ovis biovars, each causing
different diseases [32]. The first causes ulcerative granulomatous lesions and mastitis in
cattle [33,34], ulcerative lymphangitis (UL) or pigeon fever in horses [35] and oedematous
skin disease (OSD) in buffaloes [36]. The second mainly affects small ruminants such
as sheep and goats, as well as humans, causing caseous lymphadenitis (CLA) [37]. Fur-
thermore, finding an effective vaccine against these bacteria is still a challenge [38,39].
Despite the importance of C. pseudotuberculosis, little is known about the mechanisms that
control gene expression. A few studies have evaluated its transcriptional profile across
different environmental conditions [40–43] and a few others have investigated mutant
strains showing the importance of specific genes, such as plD [44], the fagABC operon [45]
and phoP [46] in C. pseudotuberculosis virulence and pathogenicity. Recently, Parise et al.
reconstructed in silico TRNs for all C. pseudotuberculosis strains with complete genome
sequences and made it available in the seventh version of CoryneRegNet [22].

In this review, we collect, summarize and examine the current knowledge of transcrip-
tional regulation of C. pseudotuberculosis. First, we present the TRNs and co-expression
networks available for this organism. Then, we discuss single-gene studies and “omic”
analyses together with the TRNs regarding the presented genes in order to understand the
transcriptional regulation of C. pseudotuberculosis; these results are presented by distinct
regulator types: two-component signal transduction systems (TCSs), TFs and sigma fac-
tors. In this way, we aim to summarize and condense our view on C. pseudotuberculosis
transcriptional regulation by jointly discussing RNA-seq and mutation assays in the light
of network biology.
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2. Gene Co-Expression Networks and Transcriptional Regulatory Networks

To understand how genes interact and influence the expression of other genes, TRNs and
gene co-expression networks (GCNs) have been used to analyze bacterial genomes [19,20,47–49].
While TRNs present regulatory interactions between regulatory proteins and their targets,
GCNs present correlation between the expression of certain genes in the network. Such
networks have been used to model how regulatory processes work inside the cell, includ-
ing amino acid synthesis and virulence mechanisms [50–53]. Franco et al. [54] and Parise
et al. [22] performed GCN analysis and TRN transfer, respectively, in C. pseudotuberculosis.

Franco et al. inferred the GCNs of four C. pseudotuberculosis strains (258, T1, Cp13 and
1002) using RNA-Seq datasets [40–43]. The authors applied the following bioinformatic
tools: (i) miRsig [55] to infer the GCNs of all genes and differentially expressed genes
(DEGs), (ii) miRinfluence [56] to identify the predicted networks’ influential and causal
genes and (iii) Online GEne Essentiality (OGEE) database v2 [57] to classify the causal
genes as essential, nonessential or conditionally essential [54]. Essential, nonessential and
conditionally essential genes demonstrate the consensus of the level of essentiality of a
certain gene for bacterial survival, for more details see [57]. The total number of genes
and gene-gene interactions of each GCN are presented in Table 1. In the GCN analyses,
the following genes were considered causal and categorized as essential: galU and argS
in 258; pdpB and trpC in T1; and serC, mraY and glmS in Cp13. The above-mentioned
genes had not previously been analyzed experimentally in C. pseudotuberculosis; however,
previous studies in other bacterial species support their relevance for organisms’ growth
and survival [58–63]. For instance, galU increases glycogen and trehalose amounts in
C. glutamicum [58], and it is also a potential drug target in M. tuberculosis [59]. The argS
gene encodes an arginyl-tRNA synthetase [60], which is induced in the presence of arginine
and repressed in the presence of lysine. A study has also proposed that the absence of
argS is lethal for Brevibacterium lactofermentum, because it is not able to synthesize proteins
without an arginyl-tRNA synthetase [64]. The pdpB gene is homologous of the lcmF gene,
which is the result of the fusion of the radical B12 enzyme isobutyryl-CoA mutase and
its G-protein chaperone [61,65]. In Francisella, a deletion mutant of this gene is defective
for intracellular bacterial growth [61]. The trpC gene, an indole-3-glycerol phosphate
synthase [66], is considered essential for growth in both M. tuberculosis and Mycobacterium.
bovis [67], and was identified as a potential drug target in M. tuberculosis [59]. The serC
gene encodes a phosphoserine aminotransferase and is involved in the biosynthesis of
L-serine in C. glutamicum [68]. In E. coli it is induced by cyclic AMP-dependent and together
with aroA encodes enzymes that lead serine and aromatic amino acids synthesis [69]. The
marY gene encodes an undecaprenyl-phosphate phospho-N-acetylmuramoyl-pentapeptide
transferase [70] and is considered essential for cell growth in E. coli [63]. It also participates
in the building process of the peptidoglycan layer of the cell wall in corynebacteria [71]. The
glmS gene is a glucosamine-6-phosphate synthase that can enhance N-acetylglucosamine
synthesis in C. glutamicum [62] and was also indicated as a drug target in M. tuberculosis
in [72,73].

Table 1. Gene co-expression network (GCN) data from Franco et al. [54]. DEGs -differentially
expressed genes.

Strain Technology
GCN from All Genes GCN from DEGs

Reference
Genes Interactions Genes Interactions

Cp13 Ion Proton 2113 86,367 63 46 [43]

T1 Ion Proton 2093 107,202 93 98 [43]

1002 SOLiD 2091 6682 168 155 [40]

258 SOLiD 2064 9376 139 165 [41,42]



Microorganisms 2021, 9, 415 4 of 16

Parise et al. analyzed the conservation of transcriptional regulation in the genus
Corynebacterium [22]. The authors used experimental TRNs of M. tuberculosis, B. subtilis,
C. glutamicum and E. coli as models for predicting the TRNs of all complete genomes of
this genus, including 91 strains from C. pseudotuberculosis. This prediction was performed
by checking the conservation of the TFs and the TGs with BLAST software [74] and the
conservation of the TFBSs with HMMER package [75]. These predictions are publicly
available in CoryneRegNet 7, which holds 24,069 regulatory interactions, 2990 TFs and
17,298 TFBSs for this species. Such networks will be discussed and presented alongside
literature data regarding C. pseudotuberculosis regulations in the following sections.

3. Regulators of Gene Expression
3.1. Two-Component Systems

Two-component signal transduction systems (TCS) detect and mediate the response
to external stimuli by means of a series of biochemical signals that result in gene expression
changes [46,76]. These processes regulate many processes such as drug resistance, adhesion,
sporulation, pilus formation, cell division, nutrient acquisition, nitrogen fixation and
virulence [77–80].

One of the most well-known TCS is the PhoPR system, in which a transmembrane
sensory histidine kinase protein (PhoR) phosphorylates the receiver domain of the re-
sponse regulator protein (PhoP). The phosphorylation of PhoP results in the activation of
the effector domains, which causes a transcriptional response. Some studies have used
phoP mutant strains as vaccinal strategies, not only in C. pseudotuberculosis, but also in
M. tuberculosis [46,81]. In C. pseudotuberculosis, these mutant strains presented reduced
virulence in mice and induced a host cellular immune response [46]. Additionally, the
absence of the phoP gene resulted in higher levels of IgG antibodies in contrast with the
control group.

In CoryneRegNet 7 [22], the predicted TRN of the phoP and phoR genes in C. pseudo-
tuberculosis 1002B strain is shown in Figure 1. The TFs phoP and glxR jointly activate the
phosphate ATP-binding cassette (ABC) transporters pstB, pstC, pstS and Cp1002B_RS04420
(frameshift pstA). The ppiB gene is repressed by phoP and is dually regulated by glxR, while
phoR is activated by phoP. Due to its crucial role in bacterial survival, development and
adaptation to environmental changes, the PhoPR system is an interesting drug target for
future studies [46,82]. In C. glutamicum, the pstSCAB operon, an ABC transport system
for the uptake of phosphate, is induced during phosphate starvation [83]. The ppiB gene
is a peptidyl-prolyl cis/trans isomerase (PPIase); it is important for growth in both low
temperatures and starvation conditions in Legionella pneumophila [84] and B. subtilis [85].
PPIases were marked as alternative drug targets [86]. Both the pstSCAB operon and the
PPIases were already indicated as bacterial virulence factors in L. pneumophila [86] and
Salmonella [87–89].

The hrrA gene is part of the HrrSA TCS and it was differentially expressed in both
C. pseudotuberculosis T1 and CP13 under iron starvation [43]. This system both activates
the expression of a heme oxygenase (hmuO gene) and represses genes acting in heme
homeostasis in C. glutamicum and Corynebacterium diphtheriae [91,92], and is considered the
global regulator of heme in C. glutamicum [93]. In this system the HrrS is the sensor kinase
and the HrrA is the response regulator. Furthermore, Franco et al. [54] identified three TCS
genes, namely, tcsS4, mprA_2 and tcsR3, as influential genes. However, they remain to be
studied; there is no regulatory information in CoryneRegNet 7 for the HrrSA TCS and the
three genes found by Franco et al.
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3.2. Transcription Factors

TFs can modulate gene expression through activating or repressing transcription by
different mechanisms. In all mechanisms, activation enhances the interaction between
the RNA polymerase and the promoter, and repression prevents their interaction [94]. In
bacteria, the environmental signals are the elements responsible to modulate TFs activity
influencing transcription initiation [95]. In this section we describe the TFs that perform
key functions in C. pseudotuberculosis in the context of the biological mechanism they are
involved in.

3.3. Metalloregulation: Iron Uptake

Metal ions are essential for bacterial metabolism; in particular, iron, manganese
and zinc are used as cofactors [96]. Iron is an important protein cofactor required for
growth and development in virtually all living organisms; the acquisition of host iron is
a well-characterized mechanism of infections used by bacterial pathogens to successfully
establish the infection in host cells. Besides its importance, an excess of iron can be toxic
to the cell; thus, in order to keep iron homeostasis, bacteria developed a tightly-regulated
system [43,97].

A recent study used RNA-Seq to analyze C. pseudotuberculosis-infected spleens of
dairy goats and found many iron-related genes differentially expressed in order to re-
duce iron availability. The authors hypothesized that C. pseudotuberculosis evolved an
iron acquisition mechanism to manage this reduction [98]. The expression of DtxR, the
master regulator of iron, is downregulated under iron limitation, directly and indirectly
influencing the expression of several genes in C. pseudotuberculosis [43]. In CoryneRegNet,
this TF is predicted to regulate sixteen genes in both Cp13 and CpT1 [22]; such regulatory
interactions are presented in Figures 2 and 3, respectively. Some of DtxR’s target genes
are the fagABC operon and the fagD gene, which are components of the iron acquisition
system and important virulence factors of this organism [40,45]. Studies in C. diphtheriae
and C. pseudotuberculosis indicate that DtxR regulates the ciuA gene [99,100]; however, a
recent study [43] in C. pseudotuberculosis T1 and Cp13 found no difference in the expression
of these genes under iron restricted conditions. Likewise, DtxR is not predicted to regulate
the gene ciuA in CoryneRegNet [22]. The authors of the iron-limitation study [43] used
the Ion Proton platform to analyze the transcriptome of the wild-type C. pseudotubercu-
losis strain T1 and its mutant strain, Cp13, which has a disrupted ciuA gene. The ciuA
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gene encodes a protein highly similar to siderophore ABC-type transport systems and
has been previously associated with virulence [101]. The lack of this gene resulted in
reduced growth [43] and intracellular viability [102] of the mutated strain. In the same
study, 77 and 59 DEGs were identified in T1 and Cp13, respectively. Besides that, the
authors observed an up-regulation of hemin acquisition systems and down-regulation of
iron intracellular utilization in both strains. The expression of hemin uptake systems in
Cp13 may indicate the adaptive response of the transcription machinery to iron acquisition
from other sources. Hemin uptake genes were found in genomic islands together with
many known virulence factors, corroborating previous studies pointing to the association
of iron uptake and virulence in C. pseudotuberculosis [43,45,102].
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In the same study, iron restriction increased the expression of genes associated with
putative hemin acquisition systems and decreased the expression of genes associated
with energy metabolism in both strains. Down-regulated genes involved in the oxidative
phosphorylation process and tricarboxylic acid cycle (TCA) cycle were only found in the
T1 strain. Amongst them, sdhA, sdhB and sdhC genes encode succinate dehydrogenase iron-
sulfur proteins, which compose the respiratory complex II. In this complex, the succinate
reduction links the oxidative phosphorylation process with the TCA. These genes are
predicted to be jointly regulated by GlxR, DtxR and RipA. Regarding the TFs, Ibraim
and collaborators [43] found the following up-regulated genes: ripA in both strains; glpR,
cspA, whiB and sufR in Cp13; and glxR in T1. In CoryneRegNet, only ripA and glxR
regulate other genes in these strains [22]. RipA encodes a protein that belongs to the AraC
family regulators that repress the expression of genes encoding iron-containing proteins.
This TF is predicted to be regulated by DtxR and to regulate six genes in both T1 and
Cp13 in [22]; the sdhA, sdhB and sdhC genes were identified as differentially expressed
in the iron limitation assay [43]. GlxR is a global regulator involved in the regulation of
metabolic processes [91,92]. It is predicted to regulate 79 genes in both T1 and Cp13 [22],
including two TFs: ramB homologue (CpCp13_RS01220 and CpT1_RS01225) and whiB
homologue (CpCp13_RS01035, CpCp13_RS02650 and CpT1_RS02660) in both strains. The
predicted regulatory networks of the DEGs found under iron limitation in T1 and Cp13
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are presented in Figures 2 and 3, respectively [22]. The regulators RamB, TetR family
protein (CpT1_RS08165), AcnR homologue (CpT1_RS05370), NrdR, AmtR homologue
(CpT1_RS03240), RamA homologue (CpT1_RS08465), RbsR homologue (CpT1_RS02440),
MtrA homologue (CpT1_RS02575) and PyrR are present in the regulatory network and
were not identified in the experimental assays, which indicated that they may be involved
in other cellular functions other than metalloregulation and need to be further investigated.
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3.4. Response to Osmotic, Thermal and Acid Stress

Bacteria experience stress conditions not only when migrating from the environment
to the host, but also when invading and colonizing the host’s bloodstream, gastrointestinal
and respiratory tracts, mucous membranes and immune system [103–105]. In order to
survive these conditions, the organism must assemble a quick protective response at the
transcriptional level [105,106]. During environmental changes, a reduction, or even a lack
of growth, is considered normal in bacteria [40,107]. Three studies in C. pseudotuberculosis
point out a reduction of replication of ~23%, ~27% and ~34% in strain 1002 and 16%, 20%
and 36% in strain 258 under osmotic, thermal and acid stresses, respectively [40–42]. The
first study performed a differential expression analysis under these conditions in C. pseu-
dotuberculosis 1002 and identified DEGs involved in oxidoreduction, adhesion and cell
division processes [40]. The other two allow us to further understand the transcriptional
response induced during these stresses in C. pseudotuberculosis 258 [41,42]. In all three stud-
ies, the authors performed transcriptome analyses using the SOLiD 3 Plus platform [40–42].
A notable TF identified in these two strains is TetR2, a DEG found across the three stress
conditions. This TF belongs to the TetR family that in general regulates the expression
of genes involved in drug resistance, biosynthesis of antibiotics, pathogenicity, virulence,
quorum sensing and catabolic pathways [40–42,108]. So far, there is no experimentally
verified or predicted regulation for this TF in C. pseudotuberculosis 1002B and 258.

Under acid stress the following DEGs were highly expressed: msrB in strain 1002B,
msrA in strain 258 and both dps and lysR1 in these two strains [40,42]. In CoryneRegNet,
the TF LysR1 is predicted to repress itself and activates the expression of the peroxiredoxin
gene ahpC in both strains. Gomide et. al. 2018 suggests that this TF plays a modulatory
role in C. pseudotuberculosis 258; however, no experimentally verified LysR1 regulation is
known in these strains [42]. In P. aeruginosa, a LysR-family TF regulates the expression
of genes related to virulence and stress response modulators [109]. The msrB and msrA
gene products act together resulting in the catalytic activity of the oxidation-reduction of
methionine sulfoxide. The msrA gene plays a more relevant role in virulence than msrB
does in bacteria [42,110]; it corroborates the fact that C. pseudotuberculosis strains from the
equi biovar, such as 258, are more virulent than the ones from the ovis biovar, such as 1002B.
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The dps gene protects the bacteria under acid, oxidative and heat stresses, as well as in
iron and copper toxicity. The inactivation of this gene in E. coli leads to a reduction in the
survival rate of the bacteria in an acid environment [42,111,112]. The dps, msrA and msrB
genes have no regulatory interactions predicted in CoryneRegNet [22] and are interesting
candidates for future experimental assays.

Under thermal shock stress, hspR, dnaK and grpE genes were differentially expressed
in both organisms. The hspR gene, which encodes a heat shock TF, is known for regulating
genes involved in virulence and pathogenicity [40,113]. Additionally, it regulates heat
shock operons, which encode genes that maintain the structure of proteins in several cell
stresses [114,115]. Likewise, in 1002B and 258 it is predicted to regulate four genes: dnaK,
grpE, clpB and clgR. The dnaK gene improves the immune response in the host and seems
to regulate genes encoding virulence factors and bacterial adhesion [40,115]. The grpE gene
is also a chaperone involved in bacterial virulence and belongs to the same operon as hspR
and dnaK [41]. The clpB gene was differentially expressed under both thermal and osmotic
stresses in the strain 258. It encodes an ATP-dependent chaperone that is involved in
virulence and participates in the stress response system [116,117]. The clgR gene regulates
the expression of genes acting in DNA repair and proteolysis in C. glutamicum [118]. In
CoryneRegNet, it is predicted to regulate seven genes in C. pseudotuberculosis 1002B and
258, as presented in Figure 4.
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represent the regulatory interactions. The functional classification was performed using the database Eggnog [90].

Under osmotic stress the following DEGs were highly expressed: glmU and uppP in
strain 258 and norM in strains 1002B and 258 [40,42]. The glmU gene encodes an enzyme that
catalyzes the substrate in the synthesis of bacterial peptidoglycans and lipopolysaccharides
of the cell wall [119]; it is predicted to be regulated by the glk homologue (CP258_RS07175)
in C. pseudotuberculosis 258 in CoryneRegNet [22]. A study in Mycobacterium smegmatis
showed that glmU is both a drug target and crucial for bacterial replication [120]. The uppP
gene encodes an enzyme that is involved in the biosynthesis of both membrane proteins and
bacterial cell wall components, a process that is essential for bacterial integrity [121,122].
This also makes the uppP gene crucial to bacterial growth and bacterial pathogenicity,
making it an interesting drug and vaccine target, as well [42,120]. The norM gene is a
multidrug efflux pump that belongs to an ABC transporter family, conferring organisms an
effective antibiotic resistance [42,123,124]. In C. pseudotuberculosis 258, the srtA gene was
differentially expressed under both osmotic and thermal stresses. The srtA gene encodes
a sortase, which is a housekeeping gene involved in the pathogenesis and virulence of
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Gram-positive bacteria. It contributes to the covalent binding of the peptidoglycan layer
and cell surface proteins [41,42,125,126]. There are no regulatory interactions for uppP,
norM and srtA genes in CoryneRegNet [22] for these strains, such genes are promising
candidates for experimental assays. Figure 4 presents the regulatory interactions from
CoryneRegNet of the genes found as DEGs in C. pseudotuberculosis 258 and 1002B (Figure 4)
strains under osmotic, acid and heat stress conditions [40–42].

3.5. Sigma Factors

In prokaryotes, one of the most important stages of the gene expression regulation is
the initiation of the transcription. During this stage, sigma factors are both required to as-
semble the RNA polymerase holoenzyme and to recognize the promoters [127,128]. Similar
to TFs, sigma factors are key players in transcriptional regulation when adapting to stress
conditions, such as osmotic, thermal, acid and nutrient starvation stresses [129,130]. These
molecules are also known to be involved in the regulation of virulence genes [131,132].
Bacterial sigma factors include SigA, SigB, which are essential and nonessential, respec-
tively, and the alternative sigma factors SigC, SigD, SigE, SigH, SigK and SigM. These
alternative sigma factors may belong to the extracytoplasmic factors group [133,134], which
is responsible for the regulation of genes involved in the transport, cellular wall adaptation
or secretion within the periplasm (Gram-negatives) or extracellular environment [131].

In C. pseudotuberculosis 1002 there are eight genes encoding sigma factors [135],
whereas in C. glutamicum, a nonpathogenic bacteria, there are seven sigma factors [134].
In particular, the sigK gene is present only in C. pseudotuberculosis, which suggests that it
may have a role in the virulence mechanisms of C. pseudotuberculosis. The study of Pinto
et al. [40] observed the expression changes of some sigma factors in C. pseudotuberculosis
1002 in the beginning of the exponential phase under heat, osmotic and acid stresses,
simulating host-infection conditions. The sigma factors analyzed in the aforementioned
study are shown in Table 2.

Table 2. Fold-change values of the genes encoding sigma factors in osmotic (2 M), heat (50 ◦C) and acid stresses (pH), from
Pinto et al. [40]. ◦C-degree Celsius. ECF-Extracytoplasmic function.

Sigma
Factor Product

Osmotic Stress Thermic Stress Acid Stress

Fold-
Change DEG Fold-

Change DEG Fold-
Change DEG

sigA RNA polymerase sigma factor SigA (essential
housekeeping sigma factor) 2.1889 Yes 1.4903 No 0.9232 No

sigB RNA polymerase sigma factor SigB (non-essential
SigA-like) 0.6348 No 0.9044 No 2.9154 Yes

sigC RNA polymerase sigma factor SigC (ECF family) 0.4675 No 0.8031 No 1.7238 No

sigD RNA polymerase sigma factor SigD (ECF family) 1.5437 No 1.2891 No 0.8654 No

sigE RNA polymerase sigma factor SigE (ECF family) 0.5483 No 0.9356 No 2.5244 Yes

sigH RNA polymerase sigma factor SigH (ECF family) 1.8401 No 1.7864 No 3.5832 Yes

sigK RNA polymerase sigma factor SigK (ECF family) 1.5887 No 1.7415 No 1.6199 No

sigM RNA polymerase sigma factor SigM (ECF family) 4.7414 Yes 3.5593 Yes 4.4934 Yes

Considering the authors’ fold-change threshold of 2×, the following sigma factors
were differentially expressed: sigA under osmotic stress; sigB, sigE and sigH under acid
stress; and sigM in all conditions. In C. pseudotuberculosis 1002, the sigA and sigH genes,
which encode RpoD and RpoE sigma factors, respectively, were significantly differentially
expressed in all three conditions. The sigA gene, also known as sigma 70, promotes the
binding of the RNA polymerase to specific sites activating the transcription of most essential
genes related to the exponential growth in E. coli [136]. In C. pseudotuberculosis 1002, this
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protein conserves the four domains belonging to sigma 70. The sigB gene was considered
to be induced in the same study and is known to regulate genes involved in the stress
response of many Gram-positive bacteria. Both sigA and sigB were previously associated
with virulence in other bacteria; SigA can be specifically required for the expression of
virulence genes in M. tuberculosis [131,137]. SigB controls the expression of many genes
involved in the virulence of pathogens, such as biofilm formation, cellular differentiation,
pathogenesis, stress resistance and sporulation in several bacteria [131,138]. Pacheco et al.
assessed the role of SigE in C. pseudotuberculosis using a sigE-mutant strain under different
stress conditions, including acid stress. The authors observed a higher in vitro susceptibility
of this bacteria in the host-simulated conditions, inferring the importance of SigE in the
bacterial maintenance within the unfavorable environment [139].

Interestingly, no significant expression changes in these molecules were observed in
both 258, under the same three stress conditions applied to C. pseudotuberculosis, and Cp13
and T1, under iron starvation [41–43]. For all sigma factor coding genes, it is necessary to
unravel the regulon, as well as unveil all the interaction network coding genes of the sigma
factors for a better understanding of the infection process and response modulation in the
cell. The predicted regulatory interactions in CoryneRegNet of the sigma factors mentioned
in this section are presented in Figure 5A,B for strains 1002B and 258, respectively. Finally,
the function of experimentally studied sigma factors in C. glutamicum and M. tuberculosis
help to provide clues on their regulatory roles in C. pseudotuberculosis [133,136].
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4. Conclusions

In this review, we presented the current knowledge of the landscape of C. pseudotu-
berculosis transcriptional regulation. The behavior of this organism under osmotic, acid,
iron-starvation and thermal stress was studied exemplarily as well. We conclude that we
have just begun to understand the importance of some key transcription factors, such as
PhoP, DtxR, RipA and GlxR, as well as of some of the sigma factors. Apart from that, very
little is known about the regulatory mechanisms of this organism. New RNA-seq analyses
under several conditions and preferably also time-series data combined with other layers
of regulatory data are still needed to unravel the pathogenicity, survival and adaptation
of C. pseudotuberculosis in its diverse range of hosts. Such studies might contribute not
only to correctly diagnosing and treating the diseases caused by this organism, but also to
identifying better drugs and vaccine candidates based on regulatory pathomechanisms.
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IV.2 Chapter II - Assessing the consistency between the C. glutamicum GRN
and its gene expression data

IV.2.1 On the consistency between gene expression and the gene regulatory network of
Corynebacterium glutamicum
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One of this thesis's main objectives was to assess the consistency between the C.
glutamicum GRN and a large gene expression dataset and, thus, compare the results with in silico
generated data. To accomplish that, we first applied a sign consistency approach to assess the
consistency between the C. glutamicum GRN and its gene expression data available on the GEO
database. Then, gene expression data from an in silico GRN were simulated and assessed with
the same method. Lastly, the consistency results were compared and plotted. This work shows
that the C. glutamicum GRN is inconsistent with its gene expression data, which means that the
C. glutamicum GRN cannot explain the gene expression data available on the GEO database. It
also suggests that other mechanisms such as post-transcriptional regulation and signaling should
be considered when reconstructing GRNs.
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Abstract
Background: Transcriptional regulation of gene expression is crucial for the adaptation and survival of bacteria.
Regulatory interactions are commonly modeled as Gene Regulatory Networks (GRNs) derived from experiments
such as RNA-seq, microarray and ChIP-seq. While the reconstruction of GRNs is fundamental to decipher cellular
function, even GRNs of economically important bacteria such as Corynebacterium glutamicum are incomplete.
Materials and Methods: Here, we analyzed the predictive power of GRNs if used as in silico models for gene
expression and investigated the consistency of the C. glutamicum GRN with gene expression data from the GEO
database.
Results: We assessed the consistency of the C. glutamicum GRN using real, as well as simulated, expression data
and showed that GRNs alone cannot explain the expression profiles well.
Conclusion: Our results suggest that more sophisticated mechanisms such as a combination of transcriptional,
post-transcriptional regulation and signaling should be taken into consideration when analyzing and construct-
ing GRNs.

Keywords: Corynebacterium glutamicum; Gene Regulatory Networks; inconsistency assessment; systems
biology

Introduction
Bacterial genomes are small and compact; on average,
88% of their genomes consist of coding genes.1 Conse-
quently, the ability to regulate gene expression in
diverse environments is crucial for stabilizing cell ho-
meostasis and adapting to environmental challenges.2

Computational systems biology uses Gene Regulatory
Networks (GRNs) to understand the mechanisms
that coordinate the shifts in gene expression and to rep-
resent the transcriptional gene regulation of organisms.
These networks are consistently expanding our un-
derstanding of how the genotype manifests in the phe-
notype of an organism. Computationally, GRNs are

modeled as directed graphs with nodes representing
genes and edges or links representing the interactions
between regulators, also known as transcription factors
(TFs), and their target genes (TGs).3,4

Techniques to measure gene expression levels and
infer GRNs include microarrays,5 ChIP-seq,6 and
RNA-Seq.7 Microarrays measure the expression levels
of known genes through the quantification of the fluo-
rescence emitted by chemically marked complemen-
tary DNA attached to a solid surface. Microarrays
can also determine the binding site of TFs when com-
bined with chromatin immunoprecipitation.8,9 ChIP-
seq is also used to determine the TF binding sites by
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sequencing DNA fragments that are bound to the TFs
during chromatin immunoprecipitation, and is then
used to map them to a reference genome.6 RNA-Seq
is used to quantify the entire set of RNA in a biologi-
cal sample at a particular moment through high-
throughput sequencing.7 Several methods to infer
GRNs from such gene expression data have been devel-
oped and evaluated10–12; these networks are commonly
modeled as Boolean and Bayesian networks.13–16 These
methods have been applied to reconstruct experimen-
tal GRNs and have resulted in multiple databases and
online platforms for the analysis of model organisms.
Such resources include RegulonDB,17 Subtiwiki,18

CoryneRegNet,19 and Abasy Atlas,20 for Escherichia
coli, Bacillus subtilis, Corynebacterium glutamicum,
and several organisms, respectively. Previous evalua-
tions of gene expression-based methods to infer
GRNs demonstrated a moderate performance on ex-
perimental microarray data and a better performance
on in silico-generated gene expression data.10,11 Infer-
ence methods developed for both bulk and single-cell
data were evaluated with single-cell transcriptomic
data, and reached the conclusion that the algorithms
performed poorly using both experimental or in silico-
generated data.21,22

Despite the importance of GRNs and the low perfor-
mance of GRN inference methods, few studies system-
atically evaluated the consistency of these networks
with gene expression data. In 2003, Gutiérrez-Rı́os
et al.23 assessed the consistency of the E. coli GRN in
a few well-studied genes. Later, Siegel et al.24 developed
a mathematical framework evaluating the consistency
in interaction graphs; they used an in silico experiment
derived from experimental literature data of gene and
metabolic networks to test their approach. Based on
this framework, Guziolowski et al.25 analyzed the con-
sistency of the E. coli GRN using three independent
microarray datasets and ascertained the inconsistency
of the network. Guziolowski et al. developed Bio-
Quali,26 a Cytoscape app for detecting inconsistencies
in GRNs and suggesting changes that would restore
the network consistency with the user-provided expres-
sion data. Other Cytoscape apps such as contradictions
in microarrays,27 CytoASP,28 and SigNetTrainer29 as-
sess the consistency of interaction networks and ex-
pression data from a single study. The first makes use
of Boolean network models to detect inconsistencies
in interaction networks. CytoASP28 uses logical roles
through Answering Set Programming to identify
inconsistencies and to suggest how to repair them. Sig-

NetTrainer29 uses Integer Linear Programming to de-
tect and remove inconsistencies from the networks.
Collectively, these pioneer works allowed researchers
to evaluate the consistency of the existing GRNs and
their gene expression data. Furthermore, some of them
pointed to the inconsistency of the GRNs, or gene sets,
when evaluated with small sets of regulatory data.

Recently, Larsen et al.30 studied E. coli GRNs and
found that they are inconsistent when evaluated with
gene expression data. The authors used a conservative
sign consistency approach on a large microarray data
compendium. Here, we analyzed the consistency of
C. glutamicum GRN using a similar approach and
also included RNA-seq gene expression data to obtain
an exhaustive data compendium. In general, we assume
that activations should increase the expression of the
TGs when the TF is upregulated. Likewise, repressions
should reduce the TGs’ expression, when the TF is also
upregulated. Our results show a positive correlation in
both cases, contradicting our current understanding of
the role of TF regulation. The consistency model as-
sessment indicates that the C. glutamicum GRN is
even less consistent than random GRNs, implying
both that additional research is needed to further refine
GRNs and additional factors have to be considered to
explain gene expression.

Materials and Methods
C. glutamicum GRN and gene expression data
The experimental GRN of C. glutamicum was down-
loaded from CoryneRegNet 7.0.19 The gene expression
compendium was retrieved from Gene Expression Omni-
bus (GEO)31 and consisted of microarray and RNA-seq
data with a total of 429 samples (see Supplementary
Data S1 for more information about the datasets).

Gene expression data normalization
All gene expression datasets were normalized using
limma.32 Microarray data were background corrected
before applying lowess (two-color microarrays) and
quantile normalization. Similarly, RNA-seq data
were quantile normalized using the voom method.33

Finally, to have all the data on the same scale, we com-
bined and z-score normalized all gene expression data
using the survJamda package.34 The z-normalized dis-
tribution of the expression data is given in Supple-
mentary Figure S1.

In silico data generation
The in silico GRN and gene expression data were
generated using GeneNetWeaver.35 This software
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uses an experimental network as the model to create an
in silico network with similar topology and to simulate
gene expression data for the novel network.

Inconsistency detection and assessment
We used the same method applied by Larsen et al.30 to
assess E. coli GRN. In the first step, the method identi-
fies genes that are up- or downregulated in each exper-
iment (contrasts). This is performed by computing the
contrasts as the difference between the expression of
the reference and the case(s) in the experiment. Next,
it uses a conservative sign consistency model similar
to the one applied in COMA27 and BioQuali.26 For
each contrast, the model labels the vertices as: upregu-
lated, downregulated, or unchanged. The labels are at-
tributed based on the expression differences between
the control and each case in the contrast, and on a
threshold _t_. Then the labels are compared with the
role of the regulatory interactions in the GRN to deter-
mine the consistency. Finally, we compared the exper-
imental network with random data by applying two
perturbation methods. The first method shuffles the
expression profiles and keeps the network topology,
whereas the second shuffles the network topology
and keeps the node degrees and gene expression pro-
files. For more details about this method, refer to the
work from Larsen et al.30

Statistical analyses
The mean correlation (mc) was calculated by first add-
ing the correlation of each TF and TG/operon pair
(cPairs), and then dividing the sum by the total number
of pairs (nPairs).

mc = ( +
nPairs

i = 1

cPairsi)=nPairs

This same process was applied to compute the
means for Pearson’s and Spearman’s correlation. We
computed the mean of the global inconsistency load
(mGlobal) of the two applied perturbation methods
by adding the global inconsistency load (global) of
each iteration and then dividing the sum by the num-
ber of iterations (nIteration).

mGlobal = ( +
nIteration

i = 1

globali)=nIteration

We determined the mean edge inconsistency
(mEdge) through the sum of the number of inconsisten-
cies of each TF and TG/operon pair (nIncons), which
we then divided by the total number of pairs (nPairs).

mEdge = +
nIncons

i = 1

nInconsi)=nPairs

The significance of the comparison between the
inconsistency load in contrasts with and without per-
turbation was computed using the Mann–Whitney
U-test.36 We used the same test to compute the signif-
icance of the number of up- or downregulated genes in
each contrast, with and without perturbation.

Results

Correlation between gene regulatory
interactions and gene expression profiles
To assess the correlation between expression profiles
of known regulatory interactions (e.g., a TF regulating
a TG), we applied Pearson’s correlation coefficient
(Fig. 1). We analyzed the distribution of correlations
between known TF–TG pairs and of all possible TF–
TG pairs. The mean correlation of known TF–TG
pairs is 0.09, whereas for all the possible TF–TG
pairs it is�0.0003 (Fig. 1A). For activations, we expect
a positive correlation (e.g., increased TF expression
enhances TG expression), whereas repressions should
result in a negative correlation (e.g., increased TF ex-
pression reduces TG expression). However, separately
analyzing the distribution of the correlations of
known TF–TG pairs by interaction role, we see a
very low mean correlation in both cases: 0.11 for
activating interactions and to 0.07 for repressing in-
teractions. Complex regulations where multiple TFs
control the same TG could influence the results ob-
served in Figure 1B. Taking this into account, we
also analyzed the TF–TG pairs where the TG is regu-
lated by a single TF (Fig. 1C). Of interest, the results
are similar (0.10 and 0.04 for activating and repressing
interactions, respectively).

The same process was repeated using an in silico
network and gene expression data to demonstrate the
extent of the correlations expected from a GRN that
is consistent with the observed expression data. The
in silico data were generated based on the C. glutami-
cum GRN using GeneNetWeaver.35

The mean correlation of known interactions was
�0.06 and the mean correlation of all possible TF–
TG pairs was 0.002 (Fig. 1D). The correlation of the
interactions (Fig. 1E) separated by the interaction
role presented a distinct partition between them: the
mean correlation was 0.22 and �0.28 for activation
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and repression interactions, respectively (Fig. 1E).
Upon analyzing only the single regulators, an even
stronger separation between them was noticed: mean
0.51 and �0.52 for activation and repression interac-
tions, respectively (Fig. 1F).

Consistency assessment between the regulatory
networks and the expression profiles
To assess the consistency between the GRN and gene
expression, the model we applied makes use of a
threshold. Our threshold considers any changes in
the expression data (upregulation, downregulation,
or unchanged) and assumes *50% of the contrasts
to be up- or downregulated, as previously explained
by Larsen et al.30 This resulted in a threshold of
– 0.25 for the experimental data and – 0.82 for the

in silico data. We compared the global inconsistency
load of the experimental and in silico GRNs against
randomly perturbed GRNs and expression profiles.
The global inconsistency load (Fig. 2A) of the exper-
imental network (31,922 inconsistencies) was higher
than the mean of the perturbed data (31,030.30 and
31,733.00 inconsistencies in swapped edges and
swapped expression profiles, respectively). These
numbers indicate that the consistency between the
experimental network and the expression data are
not more significant than the consistency in the ran-
dom networks. In contrast, the original in silico net-
work (Fig. 2D) had fewer inconsistencies (20,538)
than the mean of the perturbed data (34,133.40 and
33,180.00 in swapped edges and swapped expression
profiles, respectively).

FIG. 1. Distribution of Pearson correlation for TF and TG/operon pairs. Comparison between the correlation
of all possible TF–TG pairs and all known TF–TG pairs. [(A) Corynebacterium glutamicum and (D) in silico].
Comparison between the correlation of known TF–TG pairs separated by interaction role: activation and
repression [(B) C. glutamicum and (E) in silico]. Comparison between the correlation of known TF–TG pairs
where each TG has only one regulator [(C) C. glutamicum and (F) in silico]. Dashed vertical lines show the mean
correlation for each TF and TG/operon pair. TF, transcription factor; TG, target gene.
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Analyzing the edge inconsistencies separated by the
interaction role revealed that the number of inconsis-
tencies was larger for repressions (mean 64.8) than
for activations (mean 49.7; Fig. 2B). The analysis of sin-
gle regulators presented similar results, but slightly
larger means (mean 66.1 and 51.3 for repressions
and activations, respectively) in both cases (Fig. 2C).
For the in silico data, the inconsistencies separated
by the interaction role (Fig. 2E) presented similar
numbers in both cases (mean of 49.5 and 53.4 for re-
pressions and activations, respectively). The results
for single regulators (Fig. 2F) were smaller and even
more similar (mean 37.7 and 37 for repressions and
activations, respectively).

Association between inconsistency load
in contrast with and without perturbation
To check if perturbed experiments result in a higher
level of inconsistencies, we analyzed the inconsis-
tency load across the cases in each experiment,
resulting in 239 contrasts. It resulted in a range
from 5 to 306 inconsistencies with a mean of
133.56 (Fig. 3A). The number of inconsistencies
was slightly more substantial in the contrasts with
perturbed conditions than with the unperturbed
ones (means of 145.31 and 127.88, respectively;
Fig. 3B). Perturbed conditions in the experimental
gene expression profiles include stress, overexpressed
genes, knockout, and double-knockout genes. Genes

FIG. 2. Evaluation of the inconsistency load in the GRN and perturbed GRN models. Comparison among
the global inconsistency load (total number of inconsistent cases) in the GRNs with two random GRN
models. The experiments were repeated 200 times for the random models [(A) Corynebacterium
glutamicum and (D) in silico]. The edge inconsistency distribution split by interaction role: repression and
activation [(B) C. glutamicum and (E) in silico]. The edge inconsistency distribution is split by role: repression
and activation where a single TF regulates the TG/operon (C, F). In [(B, C) C. glutamicum, (E, F) in silico]
dashed vertical lines show the mean inconsistency for each pair TF and TG/operon. GRN, Gene Regulatory
Network.
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considered to be up- or downregulated are associated
with a higher level of inconsistencies in the network
(Fig. 3C). Finally, a higher number of genes on aver-
age were considered up- or downregulated within the
perturbed contrasts (Fig. 3D).

Discussion
In this work, we applied microarray and RNA-seq data
to investigate the widely accepted assumption in which
changes in the expression of gene regulators affect the
expression of their TGs. The regulation type (activation

A
B

C
D

FIG. 3. Evaluation of the inconsistency load of Corynebacterium glutamicum across contrasts. Distribution
of the number of inconsistencies across the 239 contrasts (A). Perturbations (e.g., stress conditions) increase
the inconsistency load in contrasts when compared with nonperturbations (B). Relationship between the
number of deregulated genes (up or down) and inconsistency load in contrasts (C). Comparison between the
number of deregulated genes in the model for the contrasts with and without perturbation (D). The p-values
in (B) and (D) were computed using the Mann–Whitney U-test.
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or repression) determines the effect of expression
changes. Of interest, our results show that this is not
the case for C. glutamicum, particularly at the tran-
scriptional level. We found a positive mean correlation
between the TFs and the TGs, even for repression inter-
actions, which are supposed to have a negative correla-
tion. When multiple TFs regulate the same TG, we
cannot expect all regulations to be consistent. However,
when analyzing the TGs that are regulated by a single
regulator, a positive mean correlation between the
TFs and the TGs was also observed. Larsen et al.
found a similar behavior in the E. coli GRN30; consid-
ering it is more complete than C. glutamicum GRN,37 it
is not surprising that C. glutamicum GRN is also not
consistent with its expression data. Pearson’s correla-
tion analysis may not identify nonlinear relationships
between the expression of TFs and TGs. We, thus,
also applied Spearman’s rank correlation (Supplemen-
tary Fig. S2) and observed a slightly positive interaction
when analyzing, first, all known interactions at once
(mean correlation of 0.09), then those split by interac-
tion role (activations and repressions, mean correlation
of 0.12 and 0.08, respectively) and, finally, for single
regulators (mean correlation of 0.11 and 0.05 for acti-
vations and repressions, respectively). It demonstrates
that nonlinearity does not affect our results.

The analysis of the global inconsistency load (Fig. 2A)
shows that the experimental network is slightly more in-
consistent than the perturbed ones. This may imply that
the experimental GRN is not explained by the expres-
sion data retrieved from the GEO database. Because
the chosen threshold could have influenced these re-
sults, we repeated the analysis using thresholds that
consider *33% and *66% of the contrasts as up- or
downregulated, as previously suggested by Larsen et al.,30

with no noticeable effect on the inconsistency between
the GRN and the gene expression data (Supplementary
Figs. S3–S6). Supplementary Figures S7–S9 demon-
strate that network perturbation increases the global
inconsistency of the in silico network while it has little
effect on C. glutamicum GRN.

The high inconsistency between the C. glutamicum
network and the expression data may be owing to tech-
nical or biological reasons. For example, the methods
used to generate the GRNs from the experimental
data may have performed poorly.10,11,21,22 Another ex-
planation may be the unavailability of adequate time-
series experimental data, which would reveal regulatory
interactions at different time points.38 In addition,
other regulatory mechanisms such as post-translational

modifications,39,40 inactive conformation of the TFs
and metabolites23 are neither identified by microarrays
nor by RNA-seq data. Moreover, a low correlation be-
tween transcriptome and proteome data exists.41,42

Conclusion
Our results corroborate previous studies that analyzed the
consistency between E. coli GRN and gene expression
data, and further showed that, when considering the
static GRN, the networks are inconsistent.23,25,30 These
results suggest that the traditional methods to reconstruct
GRNs may not be able to fully represent the complexity
of gene expression regulation. In the case of C. glutami-
cum, an accurate and consistent GRN is essential for
the development of various robust strains that are re-
quired to meet its industrial demand in the production
of biomolecules, such as amino acids.43 Although the ac-
curate construction of C. glutamicum GRNs may provide
an understanding of possible biosynthetic routes for these
molecules, the inconsistency of GRNs and gene expres-
sion data suggest that extra caution should still prevail
when using GRNs to elucidate probable amino acid bio-
synthetic routes in the biotechnology industry.

In our view, the incorporation of multi-omics time-
series data and robust statistical approaches, as well as
the performance of multiple perturbations within bio-
logical systems, are necessary to model the GRNs accu-
rately. Moreover, a single GRN may not be adequate
to capture the regulatory landscape across all possible
conditions, requiring the development of condition-
specific and dynamic GRNs in the future.
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Understanding the organisms' transcriptional regulatory mechanisms is an essential step
to understand their ability to quickly adapt to challenging and constantly changing environments.
In the context of the Corynebacterium genus, CoryneRegNet is the reference database for
transcriptional GRNs. The seventh version of CoryneRegNet presents an entirely redesigned
back- and front-end to support the new functionalities and database growth. It provides the most
extensive data collection available for the Corynebacterium genus. CoryneRegNet allows users
to download the GRN of each organism as a sif file, allowing them to visualize, modify and
enrich the networks locally using third-party software. The new transfer pipeline presents two
main improvements: (i) the use of profile HMMs and (ii) the results' interpretability. Given the
low evolutionary conservation of TFBSs between species (BAUMBACH, 2010), the use of
profile HMMs provides a more robust and flexible approach to predict TFBSs when compared
with position weight matrices, due to its ability to model insertions, deletions and length
variation in model TFBSs (DELORENZI; SPEED, 2002; RIVA, 2012; WHEELER; EDDY,
2013). Furthermore, we now assign p-values to the regulatory interactions, representing the
likelihood of observing such interactions conserved by chance and thus aiding in the results'
interpretability.

The combination of transcriptional regulatory data collected, generated and stored in
CoryneRegNet 7 and literature search allowed us to present the first review of transcriptional
regulatory mechanisms in C. pseudotuberculosis. In this pathogenic bacteria, we can highlight
the following two-component systems: (i) PhoPR, a drug target predicted to regulate the
expression of virulence factors, and (ii) HrrSA, the global regulator of heme in C. glutamicum
(KEPPEL et al., 2020). The first has already been studied experimentally, while the biological
function of the second remains to be better investigated; both are great targets to be studied in the
light of transcriptional regulation. DtxR, the master regulator of iron in C. glutamicum
(BRINKROLF et al., 2010), is downregulated under iron restriction media (IBRAIM et al.,
2019). This TF regulates 16 genes in C. pseudotuberculosis T1 and Cp13, including the ones
encoding hemin uptake systems. These specific genes are located in the genome together with
several known virulence factors in genomic islands, which may indicate both their potential
acquisition through horizontal gene transfer (HGT) events (BONHAM; WOLFE; DUTTON,
2017; XIONG et al., 2015) and the role of these systems in C. pseudotuberculosis' virulence
(BILLINGTON et al., 2002; RIBEIRO et al., 2014). The TF TetR2 was the only gene
differentially expressed in both C. pseudotuberculosis 1002 and 258 under osmotic, thermal and
acid stress (GOMIDE; DE SÁ; et al., 2018; GOMIDE; IBRAIM; et al., 2018; PINTO et al.,
2014). TetR2 belongs to a TetR family of transcriptional regulators, which are well-known for
regulating genes associated with drug resistance, biofilm formation, pathogenicity and virulence
(LIU et al., 2017; RAMOS et al., 2005); however, there are no known regulatory interactions for
this gene in both studied strains. There is little information available regarding sigma factor
regulations in C. pseudotuberculosis. In C. pseudotuberculosis 1002, SigM was the only sigma
factor differentially expressed in osmotic, thermal and acid stresses; the housekeeping SigA was
found as a differentially expressed gene (DEG) only in the first condition and; SigB, SigE and
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SigH were found as DEGs in the third condition (PINTO et al., 2014). Collectively, these results
present the first attempt to unravel and understand the regulatory landscape of C.
pseudotuberculosis in the light of GRNs.

Note that the approach applied to transfer GRNs also presents a few limitations: (i)
limited availability of experimental data regarding bacterial GRNs; (ii) a high dependence on
known regulatory interactions of model organisms; and (iii) genome sequence similarity between
model and target organisms. When considering organisms with diverse life-styles, such as the
Corynebacterium genus, the amount of experimentally validated GRNs becomes especially
relevant when considering possible regulatory interactions acquired by HGT. It has already been
demonstrated that HGT events can co-transfer neighbor regulators with their TGs (PRICE;
DEHAL; ARKIN, 2008) and that known virulence factors are located in the mobile genetic
elements of organisms such as in Enterohemorrhagic E. coli and C. pseudotuberculosis
(PAULING; RÖTTGER; NEUNER; et al., 2012; SOARES et al., 2012).

Another point to be considered is the accuracy of the experimentally validated GRNs of
the model organisms; their accuracy will directly influence both the results of the analysis and
experiments that rely on them, as well as the quality of the predicted GRNs. The assessment of
the consistency of C. glutamicum GRN with its gene expression data showed that there is a large
number of inconsistencies in the network and a low correlation between the expression of
regulators and their TGs. When considering repression relationships, the increase in the
expression of the regulator should result in the decrease of the expression of the TG, which is
represented by a negative correlation in Pearson's analysis. However, it is not the case for the C.
glutamicum GRN, which presents a slightly positive correlation in both cases when: (i) analyzing
all repression interactions together and (ii) the TG has a single regulator. This can be partially
explained by the fact that the set of transcriptional regulatory interactions of C. glutamicum is
still incomplete (ESCORCIA-RODRÍGUEZ; TAUCH; FREYRE-GONZÁLEZ, 2020;
FREYRE-GONZÁLEZ; TAUCH, 2017) and, thus, the expression of the genes regulated by a
single TF in the network may be influenced by more regulators.

The similar degree of inconsistencies found in both experimental and random networks
suggests that C. glutamicum GRN cannot explain the gene expression data better than random
models. To reconstruct more accurate and consistent experimental GRNs, one should consider
incorporating multi-omic time-series data and robust statistical approaches. As a first step, we
recently collected sRNA data from literature combined with the prediction of new sRNAs and
their regulatory interactions, thus adding a new layer of regulation in 6 corynebacterial
organisms in CoryneRegNet (Parise et al., submitted).
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VI.1 Conclusions

CoryneRegNet’s updated network-transfer method allowed us to transfer the regulatory
networks of four model organisms to 224 organisms belonging to the Corynebacterium genus;
this increased the number of organisms of this genus with GRN available by ~20 times. The new
interface presents each network as a dynamic graph and allows the user to visualize only the
regulations of a gene or operon of interest. Combining the predicted GRNs from CoryneRegNet
7 (PARISE, M. T. D. et al., 2020) with literature data allowed us to present the first glimpse of
the transcriptional regulatory mechanisms of C. pseudotuberculosis. Transcription factors, sigma
factors and two-component systems play a crucial role in organism adaptation capacity and thus
are relevant drug and vaccine targets. Future experimental assays may contribute to further
understand these mechanisms. In this context, DtxR and HrrSA are good targets for experimental
investigation, taking into account that both regulate genes involved in hemin uptake systems.
Furthermore, we assessed the consistency between the C. glutamicum GRN and the gene
expression data available on the GEO database. These results indicate a high level of
inconsistencies and a lack of correlation between the expression of regulatory proteins and their
target genes. It indicates that more omics data combined with robust statistics methods should be
integrated into the network.

Combining our results highlighted a need for (i) unraveling experimentally verified
transcriptional regulatory networks for more species of the Corynebacterium genus and (ii)
integrating other regulatory layers, such as post-transcriptional and translational, into these
networks through multi-omics approaches. A comprehensive view of GRNs is necessary for
reconstructing more consistent and accurate networks that could provide even more valuable
guidance for future experimental assays. More accurate, experimentally verified networks for
more species could significantly improve the quantity and quality of GRNs for the
Corynebacterium genus in future genus-scale in silico GRN reconstruction. This information
would aid in biotechnological, veterinary and medical research by providing more trustworthy
predicted regulatory interactions.

VI.2 Outlook
As perspectives to future work, we intend:

● To develop CoryneRegNet version 8 with transcriptional and post-transcriptional
GRNs for all complete genomes of the Corynebacterium genus available on the
NCBI database;

● To integrate protein-protein interaction (PPI) networks as a new regulatory layer
in CoryneRegNet;
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● To assess the consistency of E. coli GRN after integrating sRNA regulation and
PPI networks into the GRN;

● To study conserved regulatory interactions considering the life-style of the
members of a genus, thus identifying life-style conserved regulatory interactions.
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Abstract

Corynebacterium pseudotuberculosis is a pathogenic bacterium which has been rapidly spreading all over the world,
causing economic losses in the agricultural sector and sporadically infecting humans. Six C. pseudotuberculosis
strains were isolated from goats, sheep, and horses with distinct abscess locations. For the first time, Mexican
genomes of this bacterium were sequenced and studied in silico. All strains were sequenced using Ion Personal
Genome Machine sequencer, assembled using Newbler and SPAdes software. The automatic genome annotation was
done using the software RAST and in-house scripts for transference, followed by manual curation using Artemis
software and BLAST against NCBI and UniProt databases. The six genomes are publicly available in NCBI database.
The analysis of nucleotide sequence similarity and the generated phylogenetic tree led to the observation that the
Mexican strains are more similar between strains from the same host, but the genetic structure is probably more
influenced by transportation of animals between farms than host preference. Also, a putative drug target was
predicted and in silico analysis of 46 strains showed two gene clusters capable of differentiating the biovars
equi and ovis: Restriction Modification system and CRISPR-Cas cluster.

Keywords: Phylogenetics, Genomic sequencing, Drug target, CRISPR-Cas, Restriction-modification systems

Introduction
Corynebacterium pseudotuberculosis is a Gram-positive
bacterium that infects several different species of mam-
mals. Strains of the biovar ovis infect sheep and goats,
and strains of the biovar equi infect larger mammals
such as horses, camels, and buffaloes. The manifestation
of the infection depends on the host [1–4]. This bacter-
ium causes significant economic loss to animal produc-
tion all over the world due to reduced production of
wool, milk and meat, carcass condemnation, as well as
the death of infected animals [4–6]. C. pseudotuberculosis
can also affect humans, causing distinct kinds of lymph-
adenitis. Contamination occurs through contact with in-
fected animals and consumption of infected food [4, 5, 7].

This organism affects several countries such as Australia,
Brazil, Canada, Egypt, Israel, New Zealand, South Africa,
United Kingdom and United States [4, 8–17]. Cases in
other countries such as Portugal [18], Mexico [19] and
Equatorial Guinea [20] have been reported in the recent
years. In the United States, C. pseudotuberculosis infections
are reemerging and considered endemic [19], and the state
with the highest number of cases of this bacterium was
Texas, which borders Mexico [21]. The spread of C.
pseudotuberculosis to other countries brings out the
importance of improving the understanding of this bacter-
ium. In the present study, six Mexican C. pseudotubercu-
losis strains were investigated, two from the biovar equi
and four from the biovar ovis. This is the first time that
strains of this bacterium, isolated in Mexico, have been
completely sequenced. Among those strains, these are the
first isolates of the biovar equi coming from this country
[19]. The characterization of these strains is important
for achieving a better understanding of this species,
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the number of draft genomes deposited in Genbank from the national center for Biotechnology 
information (ncBi) is higher than the complete ones. Draft genomes are assemblies that contain 
fragments of misassembled regions (gaps). Such draft genomes present a hindrance to the complete 
understanding of the biology and evolution of the organism since they lack genomic information. 
to overcome this problem, strategies to improve the assembly process are developed continuously. 
Also, the greatest challenge to the assembly progress is the presence of repetitive DnA regions. this 
article highlights the use of optical mapping, to detect and correct assembly errors in Corynebacterium 
pseudotuberculosis. We also demonstrate that choosing a reference genome should be done with 
caution to avoid assembly errors and loss of genetic information.

Next Generation Sequencing (NGS) platforms provide an exponential increase in the amount of data produced 
in a single assay (high-throughput data). This approach provided the scientific community with the ability to 
sequence more genomes at reduced costs. The NGS platforms perform the sequencing through different tech-
nologies, which were developed by different companies, such as 454 GS FLX system (Roche)1; Hiseq paired-end 
(Illumina)2; Ion Torrent PGM (Life Technologies)3; PacBio sequel system(Pacific Biosciences); and MinION 
(Oxford Nanopore)4. From these, thousands of genomic projects were created to sequence Bacteria, Archaea, and 
Eukarya species, viruses, and metagenomes5.

The main database of these sequences is GenBank maintained by the National Center for Biotechnology 
Information (NCBI), which in September 2018, contained 153,992 bacterial genomes, most of these being drafts, 
and only 11,103 sequences (7%) were complete genome sequences. Furthermore, the complete sequences still 
might have misassemblies due to the presence of repetitive regions, such as ribosomal RNA (rRNA), transposases, 
phage regions, and plasmids6. These errors bias future studies and inferences, such as in comparative genomic 
or structural genomic analyses, and even ordering of phylogenetically related genomes7. Thus, obtaining a more 
precise and accurate complete genome sequence of an organism is fundamental to understanding its biological 
and evolutionary characteristics7.

The assembly problem persists even with the increase in the reads size, sequencing quality, and updates of de 
novo assembly algorithms. Another limiting factor to the increase of complete sequences is the lack of trained 
professionals. However, approaches to support this process have been gaining prominence8. For example, the use 
of SSPACE9 software to use paired-end reads to create a consensus sequence and perform scaffolding of contigs. 
Similarly, MapRepeat10 and riboSeed11 try to solve the repetitive region’s problem.

1Institute of Biological Sciences, Federal University of Minas Gerais, Belo Horizonte, Minas Gerais, Brazil. 2National 
Reference Laboratory for Aquatic Animal Diseases (AQUACEN) of Ministry of Agriculture, Livestock and Food 
Supply, Federal University of Minas Gerais, Belo Horizonte, Minas Gerais, Brazil. 3Institute of Biological Sciences, 
Federal University of Pará, Belém, Pará, Brazil. 4Institute of Veterinary Medicine, University Göttingen, Göttingen, 
Germany. 5Department of Computer Science, Virginia Commonwealth University, Richmond, United States. 
6Institute of Integrative Omics and Applied Biotechnology, Nonakuri West Bengal, India. *email: vasco@icb.ufmg.br

open



Transcriptome profile of Corynebacterium pseudotuberculosis in response to iron limitation

Izabela Coimbra Ibraim, Mariana Teixeira Dornelles Parise, Doglas Parise, Michelle Zibetti
Tadra Sfeir, Thiago Luiz de Paula Castro, Alice Rebecca Wattam, Preetam Ghosh, Debmalya
Barh, Emannuel Maltempi Souza, Aristóteles Góes-Neto, Anne Cybelle Pinto Gomide and Vasco
Azevedo

Contribution: In this collaboration article, I contributed to the prediction and analysis of the
regulatory interactions among the genes of interest. To predict the regulatory interactions, we
checked for the conservation of the TF, the TG and the TFBS between the model organisms (C.
glutamicum, M. tuberculosis or C. diphtheriae) and the target organisms (C. pseudotuberculosis
T1, Cp13 or 1002B). Furthermore, I contributed to the revision of the manuscript.

Status: Published

81



RESEARCH ARTICLE Open Access

Transcriptome profile of Corynebacterium
pseudotuberculosis in response to iron
limitation
Izabela Coimbra Ibraim1, Mariana Teixeira Dornelles Parise1, Doglas Parise1, Michelle Zibetti Tadra Sfeir2,
Thiago Luiz de Paula Castro3, Alice Rebecca Wattam4, Preetam Ghosh5, Debmalya Barh1,
Emannuel Maltempi Souza2, Aristóteles Góes-Neto6, Anne Cybelle Pinto Gomide1† and Vasco Azevedo1*†

Abstract

Background: Iron is an essential micronutrient for the growth and development of virtually all living organisms,
playing a pivotal role in the proliferative capability of many bacterial pathogens. The impact that the bioavailability
of iron has on the transcriptional response of bacterial species in the CMNR group has been widely reported for
some members of the group, but it hasn’t yet been as deeply explored in Corynebacterium pseudotuberculosis. Here
we describe for the first time a comprehensive RNA-seq whole transcriptome analysis of the T1 wild-type and the
Cp13 mutant strains of C. pseudotuberculosis under iron restriction. The Cp13 mutant strain was generated by
transposition mutagenesis of the ciuA gene, which encodes a surface siderophore-binding protein involved in the
acquisition of iron. Iron-regulated acquisition systems are crucial for the pathogenesis of bacteria and are relevant
targets to the design of new effective therapeutic approaches.

Results: Transcriptome analyses showed differential expression in 77 genes within the wild-type parental T1 strain
and 59 genes in Cp13 mutant under iron restriction. Twenty-five of these genes had similar expression patterns in
both strains, including up-regulated genes homologous to the hemin uptake hmu locus and two distinct operons
encoding proteins structurally like hemin and Hb-binding surface proteins of C. diphtheriae, which were remarkably
expressed at higher levels in the Cp13 mutant than in the T1 wild-type strain. These hemin transport protein genes
were found to be located within genomic islands associated with known virulent factors. Down-regulated genes
encoding iron and heme-containing components of the respiratory chain (including ctaCEF and qcrCAB genes) and
up-regulated known iron/DtxR-regulated transcription factors, namely ripA and hrrA, were also identified
differentially expressed in both strains under iron restriction.

Conclusion: Based on our results, it can be deduced that the transcriptional response of C. pseudotuberculosis under
iron restriction involves the control of intracellular utilization of iron and the up-regulation of hemin acquisition
systems. These findings provide a comprehensive analysis of the transcriptional response of C. pseudotuberculosis,
adding important understanding of the gene regulatory adaptation of this pathogen and revealing target genes that
can aid the development of effective therapeutic strategies against this important pathogen.

Keywords: Corynebacterium pseudotuberculosis, Iron homeostasis, Iron-regulated transcriptional factors, Heme
acquisition, Differential gene expression
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ABSTRACT A cAMP receptor protein (CRPVH2) was detected as a global regulator in
Gordonia polyisoprenivorans VH2 and was proposed to participate in the network
regulating poly(cis-1,4-isoprene) degradation as a novel key regulator. CRPVH2 shares
a sequence identity of 79% with GlxR, a well-studied global regulator of Corynebac-
terium glutamicum. Furthermore, CRPVH2 and GlxR have a common oligomerization
state and similar binding motifs, and thus most likely have similar functions as
global regulators. Size exclusion chromatography of purified CRPVH2 confirmed the
existence as a homodimer with a native molecular weight of 44.1 kDa in the pres-
ence of cAMP. CRPVH2 bound to the TGTGAN6TCACT motif within the 131-bp inter-
genic region of divergently oriented lcp1VH2 and lcpRVH2, encoding a latex clearing
protein and its putative repressor, respectively. DNase I footprinting assays revealed
the exact operator size of CRPVH2 in the intergenic region (25 bp), which partly over-
lapped with the proposed promoters of lcpRVH2 and lcp1VH2. Our findings indicate
that CRPVH2 represses the expression of lcpRVH2 while simultaneously directly or indi-
rectly activating the expression of lcp1VH2 by binding the competing promoter
regions. Furthermore, binding of CRPVH2 to upstream regions of additional puta-
tive enzymes of poly(cis-1,4-isoprene) degradation was verified in vitro. In silico
analyses predicted 206 CRPVH2 binding sites comprising 244 genes associated
with several functional categories, including carbon and peptide metabolism,
stress response, etc. The gene expression regulation of several subordinated reg-
ulators substantiated the function of CRPVH2 as a global regulator. Moreover, we
anticipate that the novel lcpR regulation mechanism by CRPs is widespread in
other rubber-degrading actinomycetes.

IMPORTANCE In order to develop efficient microbial recycling strategies for rubber
waste materials, it is required that we understand the degradation pathway of the
polymer and how it is regulated. However, only little is known about the transcrip-
tional regulation of the rubber degradation pathway, which seems to be upregu-
lated in the presence of the polymer. We identified a novel key regulator of rubber
degradation (CRPVH2) that regulates several parts of the pathway in the potent
rubber-degrader G. polyisoprenivorans VH2. Furthermore, we provide evidence for a
widespread involvement of CRP regulators in the degradation of rubber in various
other rubber-degrading actinomycetes. Thus, these novel insights into the regulation
of rubber degradation are essential for developing efficient microbial degradation
strategies for rubber waste materials by this group of actinomycetes.

KEYWORDS cAMP receptor protein, CRP, global regulator, Gordonia, latex clearing
protein, poly(cis-1,4-isoprene) degradation
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A R T I C L E I N F O

Keywords:
Tumor classification
Samples
New logistic regression-based model
GRN
TFs
MCF-7
Oncogenic

A B S T R A C T

Methods based around statistics and linear algebra have been increasingly used in attempts to address emerging
questions in microarray literature. Microarray technology is a long-used tool in the global analysis of gene
expression, allowing for the simultaneous investigation of hundreds or thousands of genes in a sample. It is
characterized by a low sample size and a large feature number created a non-square matrix, and by the in-
complete rank, that can generate countless more solution in classifiers. To avoid the problem of the ‘curse of
dimensionality’ many authors have performed feature selection or reduced the size of data matrix. In this work,
we introduce a new logistic regression-based model to classify breast cancer tumor samples based on microarray
expression data, including all features of gene expression and without reducing the microarray data matrix. If the
user still deems it necessary to perform feature reduction, it can be done after the application of the metho-
dology, still maintaining a good classification. This methodology allowed the correct classification of breast
cancer sample data sets from Gene Expression Omnibus (GEO) data series GSE65194, GSE20711, and GSE25055,
which contain the microarray data of said breast cancer samples. Classification had a minimum performance of
80% (sensitivity and specificity), and explored all possible data combinations, including breast cancer subtypes.
This methodology highlighted genes not yet studied in breast cancer, some of which have been observed in Gene
Regulatory Networks (GRNs). In this work we examine the patterns and features of a GRN composed of tran-
scription factors (TFs) in MCF-7 breast cancer cell lines, providing valuable information regarding breast cancer.
In particular, some genes whose αi ∗ associated parameter values revealed extreme positive and negative values,
and, as such, can be identified as breast cancer prediction genes. We indicate that the PKN2, MKL1, MED23,
CUL5 and GLI genes demonstrate a tumor suppressor profile, and that the MTR, ITGA2B, TELO2, MRPL9,
MTTL1, WIPI1, KLHL20, PI4KB, FOLR1 and SHC1 genes demonstrate an oncogenic profile. We propose that
these may serve as potential breast cancer prediction genes, and should be prioritized for further clinical studies
on breast cancer. This new model allows for the assignment of values to the αi ∗ parameters associated with gene
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Abbreviations: BC, Breast cancer; BGRMI, Bayesian Gene Regulatory Model Inference; EGF, Epidermal growth factor; GEO, Gene Expression Omnibus; GRNs, Gene
Regulatory Networks; HER2, Human Epidermal Growth Factor Receptor 2; HRG, Cells stimulated with heregulin; LumA, Luminal A; LumB, Luminal B; NCBI,
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Abstract
The 51A strain of Bifidobacterium longum isolated from feces of a healthy child, has
demonstrated probiotic properties by in vivo and in vitro studies, which may be assigned to its
production of metabolites such as acetate. Thus, through the study of comparative genomics, the
present work sought to identify unique genes that might be related to the production of acetate.
To perform the study, the DNA strain was sequenced using Illumina HiSeq technology, followed
by assembly and manual curation of coding sequences. Comparative analysis was performed
including 19 complete B. longum genomes, available in Genbank. In the phylogenetic analysis,
the CECT 7210 and 157F strains of B. longum subsp. infantis aggregated within the subsp.
longum cluster, suggesting that their taxonomic classification should be reviewed. The strain
51A of B. longum has 26 unique genes, six of which are possibly related to carbohydrate
metabolism and acetate production. The phosphoketolase pathway from B. longum 51A showed
a difference in acetyl-phosphate production. This result seems to corroborate the analysis of
their unique genes, whose presence suggests the strain may use different sources of
carbohydrates that allow a greater production of acetate and consequently offer benefits to the
host health.

1. Introduction
Firmicutes, Bacteroidetes and Actinobacteria constitute the most abundant phyla in the

microbiota of the human gastrointestinal tract (GIT). Firmicutes and Bacteroidetes are
predominant in adults, and Actinobacteria in breast-fed infants, where the genus Bifidobacterium
can exceed 90% of the total bacterial population, contributing to the health and well-being of the
newborn (Turroni et al., 2009b) Bifidobacterium species are comprised of Gram-positive,
obligate anaerobic, immobile and generally non-pathogenic bacteria (Hidalgo-Cantabrana et al.,
2017).

Well controlled clinical trials showed that, when administered as probiotics, bifidobacteria
produce several beneficial effects, such as prevention of antibiotic associated diarrhea (Corrêa et
al., 2005) and improvement of symptoms in lactose-intolerant patients (He et al., 2008), women
with irritable bowel syndrome (Whorwell et al., 2006), children and adolescents with
constipation (Guerra et al., 2011), patients with ulcerative colitis (Ishikawa et al., 2011) and child
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Abstract:
Biofilms improve the survival of microorganisms in hostile environments and are related to
various medical conditions. Leptospires form biofilms in vitro and in the environment; the
possible involvement of the biofilm in pathogenesis has already been identified. However,
biofilm regulatory mechanisms in leptospires are notably unknown. Here, we identified
transcriptional regulators involved in biofilm formation in Leptospira biflexa and described the
co-expression networks for these regulators. We detected 13 regulators influencing mature
biofilm and 12 regulators influencing late biofilm. Amongst them, ten regulators of the TetR
family were differentially expressed in the biofilm condition. Our results provide an initial
comprehension of the regulatory mechanisms in Leptospira biofilm and give directions for future
experimental assays.

Keywords: transcriptional regulators, regulatory networks, leptospirosis
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Abstract:

Gene expression regulation allows bacteria to quickly adapt to changes in the environment.
Bacterial small regulatory RNAs (sRNAs) are one of the key players in post-transcriptional
control and greatly influence several processes such as response to stress conditions, virulence
and iron homeostasis. Despite the medical, veterinary and economic importance of the
Corynebacterium genus, a few studies have been conducted concerning its sRNAs and their
mechanisms of action. Here, we present the first review article regarding sRNAs in the
Corynebacterium genus, covering both experimentally verified and predicted sRNAs. sRNAs
involved in cell division control, plasmid copy-number control, glucose uptake and glutamate
production as well as sRNA families conserved across several corynebacterial species are the
focal point of this review. We conclude that sRNA knowledge regarding the Corynebacterium
genus is still hindered by the lack of experimental and predicted investigations; therfronefore,
future studies are necessary to elucidate how these molecules impact corynebacterial gene
expression.

Introduction

The Corynebacterium genus comprises species of biotechnological, medical, and veterinary
interest. Corynebacterium glutamicum, which is the model organism of this genus, has been
extensively used in L-glutamate and L-Lysine production (Georgi, Rittmann and Wendisch,
2005; Wang et al., 2018). The human pathogen Corynebacterium diphtheriae causes an acute,
rapidly-developing, and feverish infection named diphtheria and is considered the most
prominent pathogen in this genus (Mandlik et al., 2007; Oliveira et al., 2017).
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ABSTRACT
Keywords: Anoxybacillus; Comparative genomics; Phylogeny; Antarctica; Polar volcano.

1 INTRODUCTION

The genus Anoxybacillus belongs to the Bacillaceae family and Firmicutes phylum. In
contrast to Bacillus and Geobacillus, Anoxybacillus is a relatively new genus that was proposed
in the year 2000 (Pikuta et al., 2000). Anoxybacillus flavithermus was the first species of the
Anoxybacillus genus and was formerly known as Bacillus flavithermus. The strain was
discovered in a New Zealand hot spring and was characterized as a gram-positive and
endospore-forming, facultative anaerobe microbe, presenting intense yellow pigmentation and
capacity to grow in a thermotolerant range (37-70°C) (Heinen et al., 1982). Decades later, Pikuta
and colleagues (2000) isolated a new anaerobic strain (K1T) from animal manure and, based on
the phenotypic characteristics (16S rRNA, DNA–DNA hybridization analyses), Anoxybacillus
was proposed as a new genus of the Bacillaceae family and the strain was named Anoxybacillus
pushchinensis KT1. When both were phylogenetically compared, A. pushchinensis K1T and B.
flavithermus clustered together and were distinct from Bacillus. Therefore, B. flavothermus was
reclassified as Anoxybacillus flavithermus (Pikuta et al., 2000).
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