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Abstract

Bacterial diseases are the leading cause of death worldwide through the involvement of virulence determinants.
Virulence genes encode virulence factors which are essential for pathogenesis and infectious disease
development in bacteria. The virulence factor concept helps for further investigations in the fields of microbial
pathogenesis. The objective of this paper is to review regulation of virulence gene expression in bacteria.
Virulence genes can be acquired via spontaneous mutations or through horizontal gene transfer mechanisms.
Bacteria sense and respond to environmental stimuli in the host during infection. Successful host infection can be
possible by coordinated expression of multitude of virulence genes. They adapt in the host by modulating its
gene expression. Pathogenic bacteria possess many regulatory networks that control the production of virulence
factors which enable the bacteria to survive and proliferate in the host. The most common forms of regulation of
genome expression are by involvement of transcription factors, post-transcriptional modifications, ribo-
regulation, environmental flux sensing, stress response and biofilm formation through quorum sensing.
Virulence gene expression is carefully controlled to ensure correct spatiotemporal production of virulence factors.
Regulation of virulence gene expression is very complex and influenced by environmental factors. Major
regulatory control mechanisms used by pathogenic bacteria are alternative sigma factors and the two component
regulatory systems. They do not always express virulence factors because it is energetically costly and reduces
bacterial fitness. Therefore, they need to regulate their virulence properly in order to maximize their fitness and it
is a key invasion strategy of pathogens.
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1. Introduction

Bacteria monitor their extracellular physicochemical conditions and respond by modifying their genome
expression (Ishihama, 2010). The bacterial pathogens within the host senses and adapts to the prevailing
conditions by modulating its gene expression (Thomas and Wigneshweraraj, 2014). They regulate their virulence
factors by the use of a number of common motifs (Wilson et al., 2002). Successful host infection depends on the
coordinated expression of multitude of virulence factors of pathogenic bacteria and their genes involved in the
infection process (Caldelari et al., 2013). The ability of a microbe to sense and respond to a myriad of
environments during infection of the host determine its pathogenesis process. Virulence is a relative capacity of a
microbe to cause damage in a host. The expression of the virulence gene of the microbe are regulated in response
to environmental signals like temperature, availability of key metal ions, concentration of anions such as
bicarbonate or phosphate, pH, oxygen tension, and osmolarity encountered inside the infected host to initiate the
appropriate and coordinate the adaptive response in gene expression (Winzer and Williams, 2001; Casadevall
and Pirofski, 2009; Thomas and Wigneshweraraj, 2014).

Regulation of virulence gene is very complex and it is influenced by environmental factors in the host that
can directly or indirectly affect gene expression. The most common forms of gene regulation are post-
transcriptional modifications (e.g., methylation), an environmental sensing, multi-networks of regulation and
biofilm formation can also be involved (Schroeder ef al., 2017). Pathogenic bacteria possess intricate regulatory
networks that temporally control the production of virulence factors, and enable the bacteria to survive and
proliferate after host infections (Caldelari et al., 2013).

Virulence factor gene expression is carefully controlled in bacteria to ensure correct spatiotemporal
production (Kroger ef al., 2017). The expression of virulence gene is energetically costly for the organism and
reduces bacterial fitness. So, pathogens need to regulate their virulence properly in order to maximize their
fitness and a dynamic regulation of virulence factor expression is a key invasion strategy of pathogens (Kitamoto
et al., 2016). Therefore, the objective of this review is to understand the virulence gene expression and their
regulatory mechanisms in bacterial pathogens.

2. Virulence genes in bacteria

Virulence gene is every gene involved in pathogenicity or in causing disease (Wassenaar and Gaastra, 2001). For
an individual bacterial pathogen, the total number of genes that can be categorized as virulence genes ranges
from the low hundreds to more than one thousand depending upon the system under investigation (Thomas and
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Wigneshweraraj, 2014). Virulence genes encode virulence factors (Dirita et al., 2000). Bacterial virulence is a
multifactorial process which are governed by a complex set of properties called virulence factors (Goebel and
Hacker, 1989). The virulence factor concept has been a powerful engine in driving research and the intellectual
flow in the fields of microbial pathogenesis and infectious disease study. The idea that pathogenic microbes are
endowed with certain components that confer upon them the capacity for virulence is the central theme of
virulence factor. Virulence is a relative quality and defined as the relative capacity of a microbe to cause damage
in a host (Casadevall and Pirofski, 2009).

Virulence genes can be acquired via a variety of mechanisms, including spontaneous mutations and
deliberate exchange of genes through horizontal gene transfer. Horizontal gene transfer allows the transmission
of virulent genes both between individuals of a single species and between multiple species (Stewart and
Costerton, 2001; Schroeder ef al., 2017). Horizontal gene transfer is the incorporation of genetic elements which
are blocks of DNA containing mobile genetic elements. Those may contain large blocks of virulence
determinants (adhesins, invasions, toxins, protein secretion systems, or antibiotic resistance mechanisms). It is a
rapid, allowing dramatic change of the genetic makeup of bacteria which plays a principal part in the molecular
evolution of novel bacterial pathogens (Wilson et al., 2002).

Bacteria sense and respond to environmental stimuli during infection of the host through the use of a
repertoire of genetic functions which are independently regulated in response to environmental signals
encountered inside the infected host (Wilson et al., 2002). The microbial attributes that confer the potential for
virulence fall within several categories: the ability to enter a host; the ability to evade host defenses; the ability to
grow in a host environment; the ability to counteract host immune responses; the ability to acquire iron and
nutrients from the environment and the ability to sense environmental changes (Casadevall and Pirofski, 2009).
The products of such genes that facilitate the successful colonization and survival of the bacterium to cause
damage to the host are considered as virulence or pathogenicity determinants (Thomas and Wigneshweraraj,
2014). Infectious diseases through virulence determinants are the leading cause of death (Wilson et al., 2002).

3. Regulation of virulence gene expression

Regulation of virulence gene expression is crucial for pathogenic bacteria (Peggy and Victor, 2000). Bacterial
gene expression is carefully controlled (Krdger et al., 2017). Pathogenic bacteria possess intricate regulatory
networks that temporally control the production of virulence factors, which enable the bacteria to survive and
proliferate after host infections. It is a key invasion strategy of pathogens (Caldelari et al., 2013; Kitamoto et al.,
2016).

3.1. Types of regulation

Transcription initiation is the major step of genome expression regulation in bacteria. mRNA abundance is also
regulated at the step of elongation and termination, and its degradation is subject to control (Ishihama, 2010). In
addition, post-transcriptional regulation plays a major part in coordinating gene expression networks (Romeo et
al., 2013).

3.1.1. Transcription factors

Transcription factors determine the pattern of genome transcription through control of a limited number of RNA
polymerase distribution. These factors are composed of two domains, one functioning as the sensor for external
and internal signals and the other as interacting DNA targets. One group of transcription factors, known as
negative regulators or repressors, acts by binding to target operators in the absence of low-molecular weight
effectors, known as inducers. Promoters under the control of repressors are inactive, but become active once the
repressors are dissociated from target DNA after association with the inducers. In contrast, another group of
transcription factors, known as positive regulators or activators, require interaction with effector ligands to
function (Ishihama, 2010).

Transcription factors can be classified into specific (local) and global regulators. Global regulators are a
small number of transcription factors, which influences the expression of a large number of transcription units
that belong to different metabolic pathways, thereby exhibiting pleiotropic phenotypes (Pérez-rueda and
Collado-vides, 2000; Janga et al., 2007). Usually transcription factors can regulate gene expression directly or
indirectly through global gene regulators for virulence (Schroeder et al., 2017). On the other hand, specific (local)
regulators are a large number of transcription factors, which affects the expression of one specific gene or a
small number of transcription units (Marti nez-Antonio and Collado-vides, 2003; Wei ef al., 2004). The role of
both specific and global regulators is to mediate precise activation or repression by sensing changes in
environmental conditions or metabolic states. A single putative global regulator is capable of regulating genes
transcribed by different o factors and it is subject to specific transcription factors (TFs) regulation (Marti nez-
Antonio and Collado-vides, 2003).

Regulation of virulence genes where the transcription factors bind directly to the promoter region has been
seen in Enterohemorrhagic Escherichia coli (EHEC) where the transcription factors Cra, KdpE, and FusR bind
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directly to the /er region on the locus of enterocyte effacement (LEE) pathogenicity island in order to control the
gene expression (Mohanty and Kushner, 2006).

3.1.2. Post-transcriptional regulations

The multifactor promoters and the multi target transcription factors can be assembled into complex regulatory
networks of transcription that play important roles in the coordination of bacterial metabolism and physiology in
response to the environment (Ishihama, 2010). In addition, post-transcriptional regulation plays a major part in
coordinating gene expression networks (Romeo et al., 2013). Post-transcriptional modifications act as a quality
control mechanism to produce stable RNA transcripts, which occur much more commonly in prokaryotes
(Mohanty and Kushner, 2006).

Two kinds of post-transcriptional systems predominate in many proteobacteria: trans-acting RNAs that use
an RNA chaperone protein which promotes the interaction of numerous base-pairing small RNAs (sRNAs) to
pair with mRNA targets (Gottesman and Storz, 2011). And, the other one is Csr (carbon storage regulator) or
Rsm (repressor of stationary-phase metabolites) systems, which exploit a sequence-specific RNA-binding
protein, referred to as CsrA, RsmA or RsmE to alter the translation and/or stability of mRNA targets that
regulates gene expression post-transcriptionally by affecting ribosome binding and/or mRNA stability. CsrA-
mediated repression typically involves CsrA binding to multiple sites in the untranslated leader and/or initially
translated region of target transcripts (Babitzke and Romeo, 2007). Thus, bound CsrA represses translation by
competing with ribosome binding (Baker ef al., 2002; Dubey et al., 2003), which leads to rapid degradation of
the polycistronic transcript (Romeo et al., 2013). Polyadenylation of RNAs by poly (A) polymerase I (PAP I) in
Escherichia coli plays a significant role in mRNA decay and general RNA quality control. However, many
important features of this system, including the prevalence of polyadenylated mRNAs in the bacterium, are still
poorly understood (Mohanty and Kushner, 2006).

Post-translational modifications are a well-recognized mode of regulations (Schroeder et al., 2017). In
Salmonella enterica the translation of the virulence associated effector protein, AvrA which was completely
abolished, while transcription was unaffected when the genes CsrA/CsrB were deleted. The expression of AvrA
is regulated by a post transcriptional modification induced by the effective concentration of CsrA, which is
achieved by sequestering of CsrB (Kerrinnes ef al., 2009). Other post transcriptional regulators also participate
in bacterial virulence networks, including RNA helicases which unwind their RNA substrates in an ATP-
dependent reaction, and are central to all cellular processes involving RNA (Steimer and Klostermeier, 2012);
and the Crc protein which is post-transcriptional regulator of Pseudomonas, those proteins are a global regulator
that controls the metabolism of carbon sources and catabolite repression in Pseudomonas, which determine its
contribution to the intrinsic antibiotic resistance and virulence of P. aeruginosa (Linares et al., 2010; Moreno et
al., 2014; Reales-calderdn et al., 2015).

One study showed Crc deficient mutants of P. aeruginosa were found to secrete lower levels of virulence
factors, including toxins and proteins necessary for cytolysis; which is hypothesized to be the reason the mutant
was also had reduced cytotoxicity in comparison to the wild type strain. Lowered amounts of ToxA, virulence
determinant exotoxin A, were also found in the vesicle-free secretome of P. aeruginosa crc deficient mutant
when compared to the wild type (Reales-calderon et al., 2015). These, all factors influence gene expression and
virulence (Vakulskas et al., 2015).

3.1.3. Ribo-regulation

RNA binding elements are responsible for post-transcriptional modifications, but RNA species are also
responsible for ribo-regulation of virulence genes (Dar et al., 2016). Cis-regulation of RNA elements are known
as riboswitches or attenuators, which are often present in the gene’s 5’ untranslated region (5’ UTR). It can cause
early termination of transcription by direct ligand binding in order to control bacterial gene expression. In the
presence of different metabolite concentrations, the riboswitch structure is altered upon ligand binding, which
allows the full expression of the gene due to destabilization of the terminator (Bjarnsholt et al., 2010; Dar ef al.,
2016). L. monocytogenes, for example has 55 recognized riboswitches that respond to 13 distinct ligands to
control virulence (Schroeder et al., 2017). Riboswitches impact virulence and metabolism (Oliva ef al., 2015).
They are essential to gene regulation involved in bacterial physiology and virulence, and may provide potential
targets for new drug therapies (Schroeder et al., 2017).

Noncoding regulatory RNA molecules (ncRNAs), also known as small RNAs (sRNAs), participate in
several of these global regulatory networks (Storz et al., 2005). Small RNA regulators (SRNAs) have been
identified in a wide range of bacteria and found to play critical regulatory roles in many processes (Gottesman
and Storz, 2011). The importance of small, noncoding RNAs that act as regulators of transcription for RNA
modification or stability, and of mRNA translation is becoming increasingly apparent. Many of the regulatory
RNAs act through base-pairing interactions with target RNAs and other regulatory RNAs act by modifying
protein activity, in some cases by mimicking the structures of other RNA or DNA molecules (Storz et al., 2005).
3.1.4. Environmental flux sensing and response to changes
A central principle in effective regulation of virulence is the ability to sense and respond to the bacteria’s
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external environment (Schroeder et al., 2017). Bacterial cells constantly monitor extracellular physicochemical
conditions, so that they can respond by modifying their gene expression patterns to adjust growth (Rui and Tse-
Dinh, 2003). The link between changes in environmental conditions and changes in transcriptional regulation
involves signal-transduction pathways, which may involve the direct production of an isomer such as allolactose
(Marti'nez-Antonio and Collado-vides, 2003), or a cascade of enzymatic modifications such as the activation of
the nitrogen regulator in response to nitrogen limitation (Reitzer, 2003). The precise link with regulatory proteins
is achieved by small metabolites (i.e. products of active metabolism (Marti'nez-Antonio and Collado-vides,
2003).

3.1.5. Stress response

Multiple stress response pathways have been identified as key players in the regulation of virulence (Schroeder
et al., 2017). Environmental factors, such as oxygen concentration can impact the effect of transcription factors
on virulence genes. It was shown that Cra strongly activates expression of the locus of enterocyte effacement
(LEE) pathogenicity island under aerobic conditions, while under these same conditions FusR represses
expression (Grant et al., 2003).

3.1.6. Complex multi-regulation networks

Virulence gene regulation is complex and a mutation in the typA gene in P. aeruginosa lowered virulence,
thereby evading phagocytosis, increasing attachment, and enhancing biofilm formation. Additionally, this
mutation, which initially may be viewed as a fitness cost led to down regulation of the type III secretion system
(Neidig et al., 2013).

3.1.7. Biofilm formation through quorum sensing

Bacteria that adhere to implanted medical devices or damaged tissue can encase themselves in a hydrated matrix
of polysaccharide and protein, and form a slimy layer known as a biofilm (Stewart and Costerton, 2001). Biofilm
formation is an essential part of pathogenicity (or a combination of virulence and antibiotic resistance); thus, the
formation is highly regulated by a complex network of transcriptional regulation (Davey and Toole, 2000; Sauer
et al., 2002). The initiation of biofilm formation not only begins with quorum sensing, which may be considered
a virulence regulator, but the resistance of the biofilm structure itself may also be considered a regulator of
virulence. Once a biofilm is established, it can activate additional virulence genes within the biofilm again
through quorum sensing or two-component systems (Schroeder et al., 2017). Biofilms usually are made up of
multiple species of bacteria, which are more difficult to treat and caused more persistent infections (Lee et al.,
2013), and it is clear that the establishment of a biofilm enhances virulence (Schroeder et al., 2017).

Biofilm formation facilitate communication amongst bacteria and for regulation of a variety of other
virulence factors (Lee et al., 2013). Bacteria communicate either through quorum sensing or two component
systems, which are directed and deliberate forms of communication of bacteria (Schroeder et al., 2017). It also
facilitate the horizontal transfer of virulence genes among individuals of a single species or between multiple
species. Of course, such a transfer is facilitated by proximity; thus, when bacterium convert from planktonic, free
floating individuals, to a sessile collective, transfer via plasmids is hastened (Stewart and Costerton, 2001;
Schroeder et al., 2017). Horizontal gene transfer is a rapid and dramatic change of the genetic makeup of
bacteria. Recent evidence has shown that horizontal gene transfer plays a principal part in the molecular
evolution of novel bacterial pathogens (Wilson ef al., 2002). Horizontally acquired genes are common to E. coli,
which contribute to the disease process, and increased virulence gene expression through coordinated expression
of Enterohemorrhagic Escherichia coli virulence genes. These enables the bacterium to cause hemorrhagic
colitis and the complication known as hemolytic-uremic syndrome (Mellies and Lorenzen, 2014).

3.2. Regulatory control mechanisms

The genetic control of virulence can be divided into two broad categories: random and nonrandom. Random
forms of control include cases in which a fraction of a given population exhibits a phenotype different from the
rest of the population. Such phenomena are usually referred to as phase or antigenic variation and typically
involve surface structures such as flagella, pili, outer membrane proteins, and capsules that enhance the
colonization of host tissues or allow the microbe to evade phagocytosis. The second class of genetic control is
nonrandom. Bacteria sense signals in the environment and respond accordingly by expressing gene products
necessary for survival in the host (Dirita and Mekalanos, 1989). But, based on major regulatory control
mechanisms used by pathogenic bacteria to control expression of virulent genes, it can be classified into
alternative sigma factors and the two component regulatory systems (Wilson et al., 2002).

3.2.1. Sigma factors regulatory system

Sigma factors are protein subunits of bacterial RNA polymerases and control the initiation of transcription at the
promoter sequence. They are a major regulator of prokaryotic gene expression. Bacteria use different sigma
factors to control the initiation of different promoters including those promoters whose genes encode virulence
factors. In particular, the alternative sigma factors RpoS (038) has been shown to regulate the expression of
genes in response to stationary phase, nutrient deprivation, and oxidative and osmotic stress. The RpoS sigma
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factor has been shown to be important for virulence in a number of bacterial pathogens, including Salmonella
typhimurium, E. coli, P. aeruginosa, and L. pneumophila (Dirita and Mekalanos, 1989; Wilson et al., 2002).
3.2.2. Two component regulatory systems

Two-component systems (TCS) are ubiquitous systems of signal transduction in bacteria (Kroger ef al., 2017). It
allow bacteria to adapt to environmental changes in response to various cues such as nutrient concentrations, cell
population density, antibiotics, ionic strength and membrane disturbances (Gordon et al., 2013). Virulence can
be enhanced via two-component bacterial communication systems (Schroeder et al., 2017). It consists of two key
proteins involved in the expression of virulence determinants. These are, a sensor protein usually a bacterial
membrane-associated histidine kinase, which senses different physiological conditions of the bacterial cell and a
response regulator which usually binds to the promoter region of a gene to activate or repress transcription
(Wilson et al., 2002; Gordon et al., 2013; Schroeder et al., 2017).

Large scale alterations in the transcriptional profile of virulence genes in the bacterium occur in response to
environmental signals (Thomas and Wigneshweraraj, 2014). And, two component regulatory systems are
involved in environmental factors like iron, phosphate, nitrogen, carbon, capsule production, temperature and
flagellar activity (Wilson et al., 2002). Temperature-dependent Bvg system of the Bordetellae and the yop genes
of Yersinia species that are activated upon entry into mammalian or human hosts, or the role of the Fur repressor
in regulating iron acquisition systems (Thomas and Wigneshweraraj, 2014). Bacterial virulence factors known to
be regulated by two component systems include pili formation and cholera toxin production of V. cholerae
(ToxR/ToxS64), Salmonella survival in macrophages (PhoP/PhoQ65), outer membrane porin regulation in
Salmonella and E. coli, and iron regulation in Salmonella and Pseudomonas (Wilson et al., 2002).

Two-component system in S. aureus that control multiple cellular function, is essential to virulence and is
being investigated as a potential target to combat Staphylococcus infections (Schroeder et al., 2017). In
pathogenic bacterium, Staphylococcus aureus, the SaeRS two-component system (TCS) plays a major role in
controlling the production of over 20 virulence factors including hemolysins, leukocidins, superantigens, surface
proteins and proteases. The SaeRS TCS is composed of the sensor histidine kinase SaeS, response regulator
SaeR, and two auxiliary proteins SaeP and SaeQ (Cheung ef al., 2004; Liu et al., 2016).

3.3. Environmental cues regulate virulence factor expression

Bacteria use a wide variety of mechanisms for sensing and responding to environmental changes (Babitzke and
Romeo, 2007). Pathogens do not always express virulence factors because of the associated fitness cost. It has
been reported that mutant strains deficient in virulence factors display increased fitness compared to their
virulent counterparts, due to the cost of virulence. Therefore, it is ideal for pathogens to stay avirulent before
reaching their colonization sites and only to express virulence factors upon reaching the destination sites
(Kitamoto et al., 2016). The regulation and determination of time of expression of virulence factors for most
pathogenic bacteria at the right time and location is suggested with evidence that pathogens are able to sense the
microenvironment in the host (Wilson et al., 2002; Kitamoto et al., 2016). Most pathogens will respond to
various environmental cues to regulate their virulence gene expression (Kitamoto et al., 2016).

The ability of microorganisms to respond rapidly to changes in the environment is crucial for their survival.
Bacteria have developed several regulatory strategies that ensure their survival during the transition from
exponential growth into stationary phase as a result of nutrient starvation. During this transition, the carbon
storage regulatory system (Csr) of Escherichia coli plays an important role in controlling gene expression. The
effector of Csr is a small RNA-binding protein, CsrA (carbon storage regulator A). Previous studies have
established that CsrA represses gluconeogenesis, glycogen biosynthesis and catabolism; and activates glycolysis,
cell motility and acetate metabolism (Baker et al., 2002; Dubey et al., 2003). In addition, CsrA regulates biofilm
formation. Biofilms often complicate chronic and difficult-to-treat infections by protecting bacteria from the
immune system, decreasing antibiotic efficacy, and dispersing planktonic cells to distant body sites (Jackson et
al., 2002).

Environmental cues sensed by two-component signal transduction systems and other regulatory factors
govern the expression of the CsrA-binding sRNAs and, ultimately, the effects of CsrA on secretion systems,
surface molecules and biofilm formation, quorum sensing, motility, pigmentation, siderophore production and
phagocytic avoidance (Babitzke and Romeo, 2007; Vakulskas et al., 2015).

3.3.1. Physico-chemical sensing

Enteric pathogen for example sense their microenvironment for bicarbonate, pH, oxygen tension and osmolarity
which helps for their successful intestinal colonization. Certain pathogens, such as Enteropathogenic E. coli
(EPEC), express GadX in response to acid stimulation, an activator of genes involved in acid tolerance. GadX is
a member of transcriptional regulators and is a positive regulator of acid tolerance genes and a suppressor of
virulence genes, which are not required in the acidic environment (Kitamoto et al., 2016). Enterohemorrhagic E.
coli (EHEC) survive in the acidic environment of the stomach through different acid resistance systems, like a
glucose-repressed or oxidative system, and glutamate and arginine-dependent systems (Mellies and Lorenzen,
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The osmolarity of the intestinal lumen is known to be higher than that of the tissue. Certain pathogens
express the transmembrane histidine kinase EnvZ, a sensor of environmental osmolality. During conditions of
high osmolality, EnvZ auto-phosphorylates and transfers the phosphoryl group to the response regulator OmpR,
resulting in the formation of phosphorylated OmpR and the pathogen expresses flagellin but in response to a
relative decrease in osmolarity, EnvZ/OmpR induce the expression of tviA gene which represses the biosynthesis
of flagellin, and enhances capsule production through the activation of the viaB locus. This reciprocal expression
of virulence related genes is thought to be of crucial importance to the pathogen as it allows it to evade innate
immune system at the intestinal mucosa and contributes to the increased systemic dissemination of pathogens
(Kitamoto et al., 2016).

Adaptive responses of bacteria to low oxygen environments in the presence of reactive oxygen species
(ROS) are key to the survival of several pathogens in the host. Hypoxia or anoxia is used as a signal not only to
trigger changes in expression of genes that allow adaptation to the lack of oxygen but also upregulate the activity
of genes that result in obvious damaging consequences for the cell by encoding toxins (Thomas and
Wigneshweraraj, 2014). During S. yphimurium infection, the anaerobic response regulator and nitrate reductase
(FNR) is activated in response to oxygen and enhances the expression of several loci related to flagellar
biosynthesis, chemotaxis, anaerobic carbon utilization and the Salmonella pathogenicity island (SPI)-1 genes.
The activation of FNR leads to elongation of type 3 secretion system (T3SS) needles. FNR is known to be
widely conserved among enteric pathogens, suggesting the importance of oxygen in the regulation of virulence
(Kitamoto et al., 2016).

In bicarbonate-rich host environment, several pathogens, such as Streprococcus pyogenes and EHEC, have
evolved a bicarbonate associated signal transduction system to control the virulence factors involved in bacterial
colonization of the host surfaces (Kitamoto et al., 2016).

3.3.2. Sensing of metabolites

Bile has potent antimicrobial properties and it has an important role in host defense. It is evident that certain
pathogens are able to tolerate it and use it to their advantage (Kitamoto et al., 2016). In the pathogenesis of V.
cholerae infection, the major virulence factors of V. cholera are cholera toxin (CT, encoded as ctxAB) and toxin-
coregulated pilus (TCP, encoded as tcpA), both positively regulated by the dimerized transcription activator
ToxT (Dirita and Mekalanos, 1989). In vivo, bile has a severe down-modulating effect on activation of cholera
toxin and pilus expression (Dirita et al., 2000). Unsaturated fatty acids present in bile directly bind ToxT,
preventing its homo-dimerization and repressing ctxAB and tcpA genes. But, the expression of flagellar genes is
enhanced which enables it to penetrate the thick mucus layer and adhere to the underlying epithelial cells where
bile concentration is low, CT and TCP activated. Since TCP expression carries a fitness cost and CT-induced
fluid secretions from epithelial cells could flush away the pathogen from the cellular surface, the bile-mediated
regulatory mechanism allows the pathogen to successfully approach the epithelial barrier (Kitamoto et al., 2016).

E. coli expressing type 1 pili (fimbriae) adhere to mannose containing molecules on many types of
eukaryotic cells. Adherent Fim + bacteria compete better for essential growth nutrients than do Fim - strains and
a Fim + strain that elicits the £. coli heat labile toxin is more toxic than a Fim - strain. This type 1 producing E.
coli alternates between the Fim + and Fim — states and this phase variation is under transcriptional control since
it is very important for pathogenicity (Dirita and Mekalanos, 1989).

Some pathogens are capable of sensing Short-chain fatty acids (SCFAs). This sensory ability is often
connected to regulation of virulence gene expression. For example, S. typhimurium uses SCFA concentration and
composition to regulate its invasion genes encoded on the Salmonella pathogenicity island 1 (SPI-1) via the
BarA/SirA two-component regulatory system (Kitamoto et al., 2016).

3.3.3. Temperature sensing

In pathogenic bacteria virulence gene expression is modulated by environmental parameters and temperature is a
key among the factors. Transcription of virulence genes in bacteria infecting warm-blooded hosts are induced
upon a shift from low environmental to a higher host temperature (Guijarro et al., 2015). Thus, bacteria have
developed precise and defined regulation systems to modulate the expression of specific genes in response to
temperature shifts (Steinmann and Dersch, 2013). Different molecular mechanisms are involved in sensing
temperature changes in mammal-pathogenic bacteria. Most of them are related to changes in DNA, RNA or
protein conformation and alteration in membrane structure (rigidification) which determines in some cases the
activation of a two-component signal transduction pathway (Steinmann and Dersch, 2013; Guijarro et al., 2015).
In vivo, a temperature of 37°C has a severe down-modulating effect on activation of cholera toxin and pilus
expression (Dirita et al., 2000).

Shigella virulence is strictly regulated by temperature. This effect is at the level of gene expression and the
product of the virR gene activate expression of plasmid encoded loci at high temperature (Dirita and Mekalanos,
1989).
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3.3.4. Sensing of mechanical stimuli

Pathogen attachment to host cells is a crucial step in the development of infection and attachment triggers
expression of GrlA which is a cytoplasmic regulator of virulence genes (Kitamoto et al., 2016). Bacterial
pathogens use perturbations or damage of their membrane(s) induced by certain offensive external stimuli which
interpreted as a signal that they have encountered hostile elements of the host immune system and then it
modulate the expression of more overt virulence functions like protein secretion (Thomas and Wigneshweraraj,
2014).

3.3.5. Quorum sensing

Bacteria have the ability to regulate gene expression in response to population density by a process known as
quorum sensing (Romeo et al., 2013). Quorum sensing regulation is a cell-cell communication which involves
the direct or indirect activation of a response regulator by a small diffusible signal molecule (Winzer and
Williams, 2001). The bacterial cell-to-cell communication is mediated by the production of signaling molecules,
called autoinducers (AI) (Eberl, 2006; Schroeder et al., 2017). The regulation and timing of expression of
virulence factors is very important for most pathogenic bacteria (Wilson et al., 2002). As the bacterial population
increases those small signal molecules accumulate outside the cell (in the environment) and bacteria monitor this
information, once their concentration reaches a critical value (the threshold), specific receptors mediate the
induction or repression of target gene expression to track changes in bacterial density (Kitamoto et al., 2016;
Sousa et al., 2017). The coupling of virulence factor production with high bacterial population density ensures
that the mammalian host lacks sufficient time to mount an effective defence against consolidated attack. Such a
strategy depends on the ability of an individual bacterial cell to sense other members of the same species and in
response, differentially express specific sets of genes (Winzer and Williams, 2001).

Global changes in virulence gene expression can also be implemented in response to fluctuations in a single
environmental parameter and can involve a single regulatory mechanism with some quorum sensing regulon
(Thomas and Wigneshweraraj, 2014). A common quorum sensing system in Gram-negative bacterial species
involves the synthesis and detection of N-acyl-L-homoserine lactones (AHLs). Since AHLs can freely diffuse
across cell membranes, as the bacterial population increases, the concentration of AHLs in the cellular
environment increases. Once a critical level of AHL is reached, AHL re-enters the cell and is detected by a
response regulator, thereby altering expression of target genes (Romeo et al., 2013). Post-translational modified
peptides of quorum-sensing signal molecules play a great role in Gram-positive bacteria as AHLs is for Gram-
negative bacteria. For example, Pseudomonas aeruginosa employ AHLs and Staphylococcus aureus employ
peptides to control the expression of multiple virulence genes in concert with cell population density. And others
like N-(3-oxododecanoyl) homoserine lactone, possess intrinsic pharmacological and immunomodulatory
activities such that they function as virulence determinants. The mutation of genes involved in either quorum-
sensing signal generation or signal transduction frequently results in the attenuation of virulence (Winzer and
Williams, 2001).

Quorum sensing negatively influences virulence gene expression in certain toxigenic Vibrio cholerae
strains (Kovacikova and Skorupski, 2002). At low cell density, when the concentrations of autoinducers are low,
the response regulator LuxO is phosphorylated by a relay from the sensor proteins. This activated form of LuxO
results in reduced expression of hapR, thus permitting high-level expression of the virulence cascade. At high
cell density, binding of auto inducers to their cognate sensors leads to dephosphorylation of LuxO. LuxO no
longer reduces hapR expression, and HapR, in turn, functions to down regulate expression of the virulence
cascade by reducing expression from the tcpPH promoter (Miller et al., 2002; Zhu et al., 2002). In addition to
quorum-sensing regulation, V. cholerae virulence factors, cholera toxin and the toxin-coregulated pilus
production are strongly influenced by environmental conditions. The well-characterized ToxR signal
transduction cascade is responsible for sensing and integrating the environmental information and controlling the
virulence regulon (Zhu et al., 2002).

Conclusions

Virulence determinants of bacterial pathogens are essential for bacterial infectious disease development.
Virulence gene is a gene involved in pathogenicity. They can be acquired via a variety of mechanisms, including
spontaneous mutations or through horizontal gene transfer mechanisms. Expressions of virulence genes in
bacteria is regulated carefully to produce at the right time and location because the expression of virulence genes
is energetically costly for the organism and properly controlled in order to maximize their fitness. The regulation
of virulence gene expression is very complex and regulation of these genes is influenced by environmental
factors. Bacteria constantly monitor their environment through a wide variety of mechanisms so that they can
sense, respond and adapt by modulating their genome expression to environmental changes. The ability of
bacterial pathogens to respond rapidly to changes in the environment is crucial for their survival. Major
regulatory control mechanisms used by pathogenic bacteria to control expression of virulent genes are alternative
sigma factors and the two component regulatory systems. Proper regulation of virulence factor expression is very
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important to maximize their fitness and it is a key invasion strategy of bacterial pathogens.
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