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Introduction

Abstract

There are several cellular mechanisms referred to as signalling pathways
that have been identified in microorganisms, including fungi and bacteria, for
controlling various properties such as resistance to antibiotics, pathogenicity,
biofilm formation, and morphological differentiation. Biotechnology, medicine,
and agriculture hold highly promising applications of such signalingpathways.
Quorum sensing (QS) presents a communication network in bacterial species,
which senses autoinducers, signaling molecules, allowing for intercellular
communication and environmental stimulus response. In this context, bacteria
have emerged as an important target for therapy against virulence targets with
the hope of increasing their susceptibility to antimicrobial substances. Quorum
quenching (QQ) is a strategy of countering bacterial infections by interfering
with QS-signaling pathways in populations of bacteria. The other signaling
pathway that was involved in signaling across the membrane in bacteria is the
Two-Component System (TCS). TCS typically contains sensor histidine kinases
responsive to extracellular stimuli, which, after autophosphorylation of response
regulators results in the regulation of transcription. Mechanisms of Fungal
Signal Transduction Many areas of healthcare and biotechnology are engaging
with high interest in understanding the mechanisms of fungal signaling. Protein
kinase A/cCAMP, protein kinase C/MAPK, and, calcium-calcineurin pathways
regulate virulence characteristics among the different species of pathogenic
fungi. Identifying these pathways may hold positive benefits in reducing infections
by microbes, improving industrial processes, and advancing the practice
of agriculture and healthcare. We discuss the complexities of such complex
signalling mechanisms, their utility, and their promise for future applications.

Keywords: Quorum sensing; Quorum quenching; Protein kinase A/ cAMP;
Protein kinase C/ MAPK

Micro-organisms are sometimes referred to as microbes. They
involve living organisms that one cannot see with naked eyes but is
visible under a microscope [1]. They include bacteria, viru. There
are several cellular mechanisms referred to as signaling pathways
that have been identified in microorganisms, including fungi and
bacteria, for controlling various properties such as resistance to
antibiotics, pathogenicity, biofilm formation, and morphological
differentiation. Biotechnology, medicine, and agriculture hold highly
promising applications of such signaling pathways. Quorum sensing
(QS) presents a communication network in bacterial species, which
senses autoinducers, signaling molecules, allowing for intercellular
communication and environmental stimulus response. In this context,
bacteria have emerged as an important target for therapy against
virulence targets with the hope of increasing their susceptibility to
antimicrobial substances. Quorum quenching (QQ) is a strategy
of countering bacterial infections by interfering with QS-signaling
pathways in populations of bacteria. The other signaling pathway
that was involved in signaling across the membrane in bacteria is
the Two-Component System (TCS). TCS typically contains sensor

histidine kinases (HKs) responsive to extracellular stimuli, which,
after autophosphorylation of response regulators (RRs), results in the
regulation of transcription. Mechanisms of Fungal Signal Transduction
Many areas of healthcare and biotechnology are engaging with high
interest in understanding the mechanisms of fungal signaling. Protein
kinase A/cAMP, protein kinase C/MAPK, and, calcium-calcineurin
pathways regulate virulence characteristics among the different species
of pathogenic fungi. Identifying these pathways may hold positive
benefits in reducing infections by microbes, improving industrial
processes, and advancing the practice of agriculture and healthcare.
In this chapter, we discuss in detail some of the complexities of such
complex signalling mechanisms, their utility, and their promise for
future applications. Bacteria are microscopic organisms that have long
been the focus of scientific research and medical concern because they
can infect hosts with compromised immune systems [2]. Fungi, on the
other hand, are organisms that can digest food externally and receive
nutrients via their cell walls. They can also obtain carbon and energy
from different species [3]. All living things, even microorganisms like
bacteria and fungi, have intricate cellular systems called signaling
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mechanisms that allow them to react to stressors and changes in their
environment. Some of the chemicals involved in the process include
calcium ions, hormones, reactive oxygen species, and nitric oxide
[4]. Signaling pathways in bacteria and fungi are distinguished by
functional pleiotropy, in which components serve many purposes and
can react to different stimuli using common network members [5].

Microbial signaling pathways are essential for controlling
different microbial interactions and functions. These processes have
a variety of effects on biofilm formation, host-pathogen interactions,
and microbial ecology [6,7].

Bacteria employ a mechanism known as quorum sensing, which
enables bacteria to communicate with each other thereby regulating
gene expression based on population density [8,9]. However,
disrupting QS systems synonymously known as quorum quenching
(QQ), has emerged as an effective strategy to combat bacterial
infections by squashing microbial signaling [10,11,12].

Bacteria also possess two-component signaling systems (TCS)
that have regulatory characteristics, like feedback loops and HK
bifunctionality, thus producing complex reactions [13].

Similarly, in case of fungi, fungal signaling pathways are
essential for pathogenicity, growth, and environmental sensing.
Protein kinase A/cAMP, protein kinase C/MAPK, and calcium-
calcineurin are the signaling pathways that control virulence
characteristics in different kinds of fungi including pathogenic
fungi such as Cryptococcus neoformans [14]. The pleiotropic nature
of the signaling proteins and the range of responses elicited by
a single stimulus further underline the complexity of fungal signaling

[5].

The discovery of these pathways might be able to positively
impact the mitigation of infections through microbes, enhance
industrial activities, and innovation in agriculture and health.

Signaling Mechanisms in Bacteria
Quorum Sensing

In the past, bacterial cells were thought to be independent living
things capable of evolving and metabolizing through self-regulatory
mechanisms but it is now widely known that bacterial cells use
a technique known as quorum sensing to detect and create tiny
signaling molecules known as autoinducers [15]. The primary effects
of QS signal emission and sensing are that they control the synthesis
of a variety of extracellular factors, which are expelled from cells
and serve a variety of purposes such as virulence, immunological
suppression, scavenging for resources, scaffolding for surface-
associated microorganisms (biofilms), and promoting motility [16].

Autoinducers of Bacterial Quorum Sensing: Two primary
categories of autoinducers have been brought to light: in gram-positive
bacteria, we have oligopeptides whereas in gram-negative bacteria,
we have AHL which stands for acylated homoserine lactones [8].
Histidine kinase receptors that are membrane-bound or cytoplasmic
transcription factors are responsible for detecting autoinducers [17].
AHLs are detected by specific receptors and generated by LuxI-type
synthases [18].

An essential component of bacterial quorum sensing is

the LuxS enzyme that catalyzes the synthesis of the precursor
autoinducer-2(AI-2) [19]. A universal signal molecule, it's a homo-
dimeric protein with an unusual fold based upon an eight-stranded
beta barrel, as determined by the crystal structure of LuxS [19,20].
It can be used not only by Gram-positive bacteria but also by Gram-
negative bacteria in interspecies communication [21]. The His54,
His58, and Cysl26 are conserved residues that coordinate the
presence of a zinc ion at each active site [19]. Through a sequence of
isomerization and elimination events, LuxS catalyzes the cleavage of
S-ribosyl homocysteine, with the metal ion functioning as a Lewis acid
[22]. Since the structure and function of the enzyme are extensively
preserved among bacterial species, it has been considered a potential
good target for the creation of antibiotics [19,23].

Two examples of such applications include the fusion and testing
of p-coumaroyl homoserine lactone and N-3-oxo oct - 7 - enoyl - L
- homoserine lactone for quorum-sensing activity of Vibrio fischeri
[24].

Quorum Sensing in Gram-positive Bacteria: Gram positive
bacteria comprise a group of bacteria that have thick peptidoglycans;
their peptidoglycan retains the crystal violet stain when the bacterium
is stained [25]. To showcase proteins on the surface of the cell wall,
gram positive bacteria have developed a number of ways, from
lipoproteins, LPTXG- like proteins, transmembrane and cell-wall
binding proteins [26].

QS, in gram positive bacteria is a cell density dependent process
that regulates several physiological processes for instance, the
biosynthesis of virulence factors and the production of biofilms
[27]. The QS circuit generally includes inducers such as peptide
pheromones that work as signaling molecules; a receptor protein
that activates the target genes on binding; and two-component signal-
transduction systems [27]. These peptide signals are called auto-
inducing peptides or AIPs. They are processed post-translationally
and are released using ATP-binding-cassette exporters. After secretion,
these peptides are either taken back by oligopeptide transport systems
or sensed by two-component systems on the bacterial surface [28].
Internalized peptides have interactions with cognate regulators [28].

The use of these systems relies on a peptide signal that induces cell-
density dependent expression of genes [29,30]. AIPs accumulate in
the extracellular space as the populations of the bacteria increase until
the maximum concentration levels are achieved as shown in Figure
1 [8]. Membrane-bound histidine kinases are components of two-
component signal-transduction systems that later sense these peptide
signals [31]. Upon binding AIP, the sensor kinase phosphorylates
its corresponding response regulator, activates it, and brings about
alterations in gene expression [29].

Understanding QS in gram positive bacteria will lead the way
towards the development of targeted treatments, opening many doors
to applications in industries.

Quorum Sensing in Gram-negative Bacteria

Gram negative bacteria are a type of microbes whose cell walls
contain an outer lipoid membrane and a thin layer of peptidoglycan,
whereas gram positive bacteria have no outer lipoid membrane with a
thick layer of peptidoglycan [32,33]. Gram-negative bacteria's growing
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Figure 1: Diagrammatic representation of mechanism of quorum sensing in
gram positive bacteria.
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Figure 2: Diagrammatic representation of mechanism of quorum sensing in
gram negative bacteria.
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Figure 3: Effect of AHL- degrading enzymes on Acyl — Homoserine
lactones (AHLs).

resistance to currently existing antibiotics emphasizes the necessity of
using antibiotics sparingly and developing new medications [34].

Gram negative bacteria use the QS mechanism as a form of
communication in controlling group behaviour based on population
density [35]. During the process, it relies on the production and
detection of the autoinducers- the most prevalent ones being acyl-
HSLs in gram negative bacteria [36,37]. By detecting the concentration
of signal molecules present in the surroundings, the mechanism
enables bacteria to keep an eye on the growth of their population
[37]. This QS system regulates many physiological functions, such as
biofilm formation, motility, and synthesis of virulence factors [38,39].

The design and integrity of biofilms are influenced by AHLs, and
their absence may make biofilms more vulnerable to antibacterial
treatments [38].

Mechanism: LuxI-type enzymes produce AHLs, which build
up in the extracellular space as cell density rises as shown in Figure
2 [40]. These ligands are said to bind to intracellular receptors
of LuxR-type, which are transcriptional activators when
the level of AHL is above threshold [41]. The two functional
domains N-terminal  ligand-binding domain
and a DNA-binding domain containing a
helix-turn-helix ~motif of the LuxR-type proteins [42].
roteins and leads to either activation or repression of the target genes
[40].

include an
C-terminal

Quorum Quenching

of the promising strategies to control bacterial infection. It
works by interfering and inhibiting quorum sensing in bacteria [43].
Signal production, transportation, accumulation, recognition, and
autoinduction are just a few of the operations in the QS circuit that
QQ can target [43].

The use of QQ techniques has demonstrated potential in a
number of domains, such as wastewater treatment, human pathogenic
bacterial attenuation, and agricultural and aquaculture pathogen
biocontrol [44].

Lactonases, acylases, and oxidoreductases are the three primary
classes of QQ enzymes that have been discovered [45,46]. These
enzymes efficiently silence QS-regulated activities by hydrolyzing or
altering N-acyl homoserine lactone (AHL) signaling molecules and
auto-inducing peptides (AIPs) [46]. Quorum quenching enzymes
such as lactonases usually carry out hydrolysis of AHLs which helps
in preventing pathogenicity and biofilm development as shown in
Figure 3 [47]. As members of the metallo-p-lactamase superfamily,
these enzymes usually depend on a dinuclear zinc site for stability
and catalysis [48,49]. Research on lactonases such as GcL, AiiB,
and AiiA has demonstrated their high catalytic efficiency and wide
substrate specificity [47,48]. Key active site characteristics, such as
metal coordination and substrate binding modes, have been found by
structural investigations, offering insights into their catalytic process
[47,49]. Despite having comparable reaction pathways, these enzymes
differ in their catalytic efficiency depending on the substrate and
the enzyme. This is mostly because of changes in their acyl-binding
cavities and molecular gate dynamics [50]. Oxidoreductases use
pyrroloquinoline quinone (PQQ), a redox cofactor. In respiratory
activities, it is essential for succinate: quinone oxidoreductases, which
relate succinate oxidation to quinone reduction [51]. Oxidoreductases
alter the 3-oxo group of AHLs, acylases break the amide link, and
lactonases hydrolyze the lactone ring [43]. Both QS and non-QS
germs include QQ enzymes, which can reduce pathogenic traits
without causing bacterial death and restricting cell development [52].
Numerous uses of QQ have been investigated, including as probiotics
in aquaculture, biocontrol agents for crop protection, and biofouling
control in membrane bioreactors [45].

Two — Component Signalling Systems

For bacteria to adapt to changes in their environment and stress
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reactions, two-component signaling systems (TCSs) are essential
[53]. In most cases, these consist of a response regulator (RR) and a
sensor histidine kinase (HK) [54]. Certain signals are picked up by
HKs, which cause autophosphorylation and phosphor transfer to
the corresponding RR, which frequently controls gene transcription
[54,55]. The two-component system (TCS) is crucial for various
biological processes, including the formation of the cell envelope,
cellular proliferation and advancement of the cell cycle [55].

Sensor Histidine Kinases (HKs) in bacterial TCS systems, display
a variety of domain configurations for both transduction and signal
perception. These kinases usually have a conserved cytoplasmic kinase
domain and a flexible input domain [56]. Periplasmic, transmembrane,
or cytoplasmic input domains allow the cells to respond to a variety of
external stimuli [57]. HKs are typically designed as modular proteins,
and their sensor periplasmic domains are similar in structure to those
periplasmic binding proteins [58].

Characteristically, Response Regulators (RRs) typically
possess a variable C-terminal effector domain along with a
conserved N terminal receiver domain [59]. The conformational
changes obtained by phosphorylating the receiver domain at a
conserved aspartic acid position activate the protein [60]. Although
many RRs are transcription regulators, they employ a variety of
regulatory techniques. When phosphorylated, certain RRs separate
from DNA, while others form homodimers or heterodimers [59]. The
effector domain may be capable of catalysis, protein binding, RNA
binding, or DNA binding as shown in Figure 4 [59].

Kinase Domain

Response Asp — P

Regulator

Response

Figure 4: Diagrammatic representation of general Two-Component System
in Bacteria.

Mechanism: The SK uses its input domain, which can be
periplasmic, transmembrane, or cytoplasmic, depending on the
type of signal, to detect particular stimuli [56]. When activated,
the SK undergoes a change in conformation that brings out a
cellular response due to autophosphorylation at a histidine residue
and the subsequent transfer of this phosphoryl group to an aspartate
residue in the RR [61]. Depending on the particular HK, either cis-
or trans-autophosphorylation can cause this process [62]. Numerous
biochemical pathways for signal detection and phosphorylation state
regulation are displayed by SKs, which allow bacteria to detect and
react to a broad variety of chemical and physical cues [63].

Since TCSs are found in bacteria but not in mammals, they could
be targets for novel antibiotics [54,64]. It has been demonstrated that
TCS inhibitors target the HK's catalytic domain, resulting in structural
changes and aggregation [65].

Signaling Mechanisms in Fungi

To react to environmental stimuli and control development
and pathogenicity, fungi use several common signaling pathways.
Important pathways include cyclic AMP (cAMP) signalling, mitogen
activated protein kinase (MAPK) signaling cascade along with
the calcium calcineurin pathway [66,67,68]. Fungi can integrate
various inputs and generate complex responses because these routes
frequently interact and display functional pleiotropy [5].

cAMP/Protein Kinase A(PKA) Signalling Mechanism
Pathway

This signaling pathway adjusts fungal metabolism to the host
environment and is involved in nutrient sensing, specifically glucose
[69]. cAMP signaling affects the generation of secondary metabolites,
sporulation, growth, development, and stress tolerance in biocontrol
fungi [70]. Adenylate cyclase, PKA and it’s subunits, heterotrimeric
G proteins (which consists ofa, B, and y subunits), G protein
coupled receptors (GPCRs), regulators of G protein signaling (RGSs),
downstream transcription factors, phospho-di-esterases and R as
GTPases make up the pathway [70,71].

GPCRs  are critical in  controlling

nutrition detection, and pheromone sensing in fungi

pathogenicity,
[72].
Activation of the cAMP-dependent PKA pathway regulates growth
and metabolic processes that turn on or off according to
external availability of nutrients [73]. Respective heterotrimeric G
proteins are linked with transmembrane receptors and translate
extracellular signals to intracellular effects [74].

Heterotrimeric Gproteins are crucial in
regulating mating, pathogenicity, also, germination
in fungi [70]. These G-proteins have o P, and vy

t translate the signals from the receptors located at the cell surface to
cytoplasmic effectors. When a ligand-bound receptor catalyzes the
GDP-GTP exchange on the a subunit, G-proteins are activated. As a
result, a-GTP and Py separate, which can both activate downstream
effectors [75]. G-proteins govern the specificity and temporal
features of cellular responses. The complexity of G-protein signaling
is enhanced by the fact that some species of fungi possess noncanonical
Gp subunits, which interact with unique Ga subunits [76].

The pathway's key component, AC, transforms ATP into cAMP
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Figure 5: Mechanism of cAMP / PKA Signalling pathway in biocontrol fungi.

[70]. MgATP binds to the bilobal structure formed by the catalytic
domains of adenylate cyclase, which has a deep cleft as shown in
Figure 5.

This pathway also involves multiple downstream transcription
factors.

Mechanism: The route starts with GPCRs, which, when exposed
to external stimuli like glucose, activate heterotrimeric G-proteins.
These G-proteins next trigger adenylate cyclase (AC), which generates
cAMP [70,77]. In fungi, cCAMP activates Protein kinase A (PKA),
which phosphorylates downstream transcription factors (TFs) that
control gene expression [78]. G-proteins also affect cAMP levels in
fungus, either promoting or suppressing AC, which is necessary for
mating and pathogenicity. All fungal species share this pathway, which
regulates vital processes like metabolism and the cell cycle while
displaying species-specific adaptations in areas like the synthesis of
secondary metabolites [79].

Mitogen Protein Kinase (MAPK) Signaling Pathway in
Fungi

MAPK cascades regulate numerous functions, such as cell cycle
regulation, cell division, mitogenesis, mating, morphogenesis, stress
reactions, and virulence [80]. In response to host and environmental
cues, plant pathogenic fungi use conserved MAPK pathways to control
infection and development [81]. Fungal MAPKSs facilitate host tissue
penetration during plant-fungal interactions. Thus, it can be said, that
MAPK cascades contribute to interrelated signaling events, resulting
in a complex molecular dialogue [82].

Mechanism: MAPK signaling can be initiated either by G protein-
coupled receptors (GPCRs) and / or receptor tyrosine kinases (RTKs)
through linked pathways. Through a sequence of protein interactions
including Shc, Grb2, Sos, and Ras, RTKs activate MAPK. GPCRs can
also activate MAPK through GPy subunits, which can cause Shc to
become tyrosine phosphorylated and form the Shc-Grb2-Sos complex
as shown in Figure 6.

Three tiers—MAP3K, MAP2K, and MAPK—make up the
MAPK signaling cascade, where they interact successively through
phosphorylation events thus, in turn, controlling cellular functions
and sending a variety of extracellular signals [83]. Scaffold proteins
assist the connections between these kinases by arranging the MAPK
module into a multienzyme complex and adjusting the degree of
signaling [84]. MAP3K and MAP2K catalyze consecutive dual
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Figure 6: MAPK Slgnalmg Cascade in Fungi.
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Figure 7: Calcium- Calcineurin Signaling Mechanism in Fungi.

phosphorylation events; MAP3K exhibits Ser/Thr kinase activity,
whereas MAP2K has dual-specificity kinase activity [85]. Cells have
delayed responses and steep signal-to-response curves as an effect of
this organized mechanism [85].

Calcium-Calcineurin Signalling Pathway

Calcium-calcineurin signaling pathway plays a major role in a
fungi-mediated survival, virulence and resistance toward therapies
[86,87].

Mechanistic studies have localized two calcium influx systems,
the low-affinity Ca2+ influx system (LACS) and the high-affinity
Ca2+ influx system (HACS) [88]. HACS includes the Cchl, Midl
and Ecm7 proteins, while LACS is independent of these components
[88,89]. In fungi, this pathway consists of calcium channels, pumps,
transporters, and their associated proteins [86]. The pathway consists
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of the calcium-calmodulin-dependent phosphatase, calcineurin and
its downstream transcription factor, Crz1 [90,91].

In fungal cells, the highly conserved calcium-binding protein,
calmodulin (CaM) regulates intracellular activity by triggering
calcineurin and other enzymes [92].

Calcineurin (CN) is a unique highly conserved Ca2+- and
calmodulin-dependent  serine/threonine protein  phosphatase
that consists of a catalytic subunit (calcineurin A) and a regulatory
subunit (calcineurin B) [93]. Calcineurin regulates multiple virulence
determinants in human fungal infections including morphogenesis,
tolerance to antifungals, growth at host temperature and sexual
reproduction [94].

The transcription factor Crz1 regulates various cellular functions
in fungi, including virulence, cell wall integrity, calcium homeostasis
and stress response [91,94]. Calcineurin dephosphorylates Crzl
allowing for its transport to the nucleus and gene regulation [95].

The correct localization and function of Crzl depend on its
intrinsically disordered regions [95].

A crucial element of this pathway is Przl, a zinc finger
transcription factor that is translocated from the cytoplasm to the
nucleus upon activation by calcineurin-mediated dephosphorylation
[96]. Przl controls many genes, including the Ca2+ pump Pmcl,
which is especially important in calcium homeostasis and cell wall
production [96,97].

This pathway usually regulates several significant Ca2+-dependent
target genes, including PMC1, PMRI1, and PMR2. While PMC1
encodes a vacuolar Ca2+ ATPase, PMR1 and PMR2 encode P-type
ion pumps linked to Mn2+ and Na+ tolerance, respectively. Through
the transcription factor Crzlp, calcineurin positively controls the
expression of these genes. Calcineurin also blocks the vacuolar H+/
Ca2+ exchanger VCX1, primarily via post-translational mechanisms
as shown in Figure 7.

Mechanism: When Ca2+ is depleted from the endoplasmic
reticulum (ER), Ca2+ influx at the plasma membrane can be mediated
by HACS channel and other systems or when misfolded proteins build
up in the ER [98]. LAC is guided by pheromone signaling but is not
susceptible to calcineurin activity, whereas HACS activity is controlled
by calcineurin and the pheromone-signaling pathway [88].

The transcription factor Crzlp / Przl is activated by calcineurin
and controls the expression of many genes related to signaling, cell
wall maintenance, and ion transport [99]. In contrast, Crzlp binds
to a specific DNA sequence (5'-GNGGC(G/T) CA-3') located in the
promoter regions of target genes such as PMC1, PMR1 and PMR2
[99,100]. The activation of these genes provide resistance to a range
of stressors, including elevated Ca2+, Mn2+, Na+, and cell wall
destruction.

Conclusion

Out of all the features we can comprehend regarding signaling
mechanisms in microbes, one of the most important features is how
these cellular processes intricately link these microbial communities
to the environment. Not only that, signalling mechanisms in bacteria
and fungi allow them to communicate with each other via chemical

means which in turn permit the microbes to exist in the environment
as communities. They aid in regulating several functions of microbes
including pathogenicity, biofilm formation, their ability to sense their
environment and adapt to stressful conditions.

We have realized that studying signaling mechanisms in microbes
can provide valuable insights into their cellular processes. This
knowledge can help us understand how these processes may lead to
a variety of diseases in higher organisms, including plants, animals,
and humans.

Even though humans are actively studying these pathways,
scientists are trying to develop new medications, including
antibiotics, to treat bacterial and fungal diseases. Several strategies
are now exploited to combat diseases by antagonizing the signaling
mechanisms of microbes against each other.

Bacterial signaling mechanisms have been found to have
applications in biotechnology, particularly in wastewater treatment
and biodegradation. Similarly, fungal signaling mechanisms have
shown promising results in the development of fungal-specific drugs
and biomolecules, which can be utilized in the pharmaceutical, food,
and agricultural industries.

However, these innovations are still in development and are lately
under investigation for their potential benefits to humanity's future.
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