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Abstract

Biofilms are association of microorganisms that attach to each other to a surface
enclosed in a self-generated extracellular matrix. Virtually (99.9%) all microor-
ganisms have the competence to form biofilm. The formation of biofilm is a
complex process, in which bacterial cells transform from planktonic cells to ses-
sile mode of growth. The biofilm development results from the expression of
specific genes. Biofilms have been developed as an adaptive strategy of bacterial
species to survive in adverse environmental conditions as well as to establish
antagonistic or beneficial interactions with their host. Molecular interaction and
details of biofilm formation are not well-understood as bacteria in the biofilm
have several orders of magnitude, more resistant to antibiotics compared to
planktonic bacteria. Thus, the currently available drugs typically failed to target
bacterial biofilms. Quorum sensing (QS) is a process of intercellular signalling
or cell-cell communication and a vital regulatory mechanism for coordinating
biofilm formation including common activities and physiological processes such
as symbiosis, formation of spores or fruiting bodies, antibiotics synthesis, genetic
competence, apoptosis and virulence in many bacterial species using extracellu-
lar QS signalling molecules, which is often referred to as autoinducers (Als).
Microorganisms produce a wide variety of QS signalling molecules that can be
self-recognized in a concentration-dependent manner and subsequently induce
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or suppress expression of QS-controlled genes. Bacterial QS regulation is
established through a wide range of signals such as oligopeptides, N-acyl homo-
serine lactones (AHLSs), furanosyl borate, hydroxy palmitic acid methyl ester and
methyldodecanoic acid. In this chapter, we highlight the current understanding
of the processes that lead to bacterial biofilm formation, survival behaviours and
mechanisms of antimicrobial resistance in bacteria.

Keywords
Biofilm - Quorum sensing - Antibiotic resistance - Quorum quenchers - Acyl
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3.1 Introduction

Biofilms are ubiquitous in nature and can occur on both animate and inanimate sur-
faces. Biofilms have been recognized as aggregates of many bacteria and simple
eukaryotes growth on natural aquatic surfaces, clinical, industrial and domestic
domains (Irie and Parsek 2008). The natural and clinical biofilms are formed by differ-
ent types of microbial species with wide range of structural characteristics, however,
majority of the biofilms are encased in self-produced extracellular matrix or extracel-
lular polysaccharide (EPS) layer (Sutherland 2001a; Irie and Parsek 2008). The com-
position of extracellular matrix can differ between organisms, but are commonly
abundant in proteins (<1-2%) including enzymes, polysaccharides (1-2%), nucleic
acids (<1%) including DNA and RNA and water (up to 97%) (Lu and Collins 2007).
The phenotype of matrix generally depends on environmental stress such as tempera-
ture, pH, osmolarity, UV radiation, desiccation, oxygen tension and nutrient availabil-
ity (Staley et al. 2014). Bacterial communities in biofilm can switch from planktonic
form to sessile form. The planktonic bacteria have relatively high cell growth and
reproduction rate but low EPS production (Rabin et al. 2015). However, the sessile
form exhibits slower growth of bacteria yet increased EPS production which is useful
to form biofilms (Chadha 2014). It should be noted that biofilm forming bacterial
mutants are unable to produce the EPS (Watnick and Kolter 1999). The synthesis of
EPS matrix intends the bacterial cells to attach to a surface. Biofilm forms a thin layer
eventually building to a thick layer (>100 layers) establishes a ‘mushroom-’ or ‘tower’-
shaped structure (Rabin et al. 2015). The bacterial arrangement in the biofilm depends
on their metabolism and aero-tolerance; aerobic bacteria live in the upper layers, while
anaerobic bacteria prefer to live in deeper layers of biofilm (Rabin et al. 2015).
Bacteria form biofilms for numerous advantages: enhance the tolerance of bacte-
ria to harsh environmental conditions, avoid being washed away by water flow or
blood stream and protection from antimicrobial agents and disinfectants (Jefferson
2004; Rabin et al. 2015). Further, the biofilm retards bacterial motility and increases
cell density providing a suitable environment for plasmid exchange between bacte-
rial communities by conjugation process. Some of these plasmids encode for antibi-
otic resistance (Hausner and Wuertz 1999; Rabin et al. 2015) and also enable them
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to overcome different environmental stresses (Chadha 2014). The bacteria in a bio-
film may communicate their presence to each other using chemical communication
known as quorum sensing (QS). QS is a mechanism by which bacteria apparently
regulate collective behaviours in response to cell density (Lyon and Muir 2003;
West et al. 2012). The bacteria produce and release small diffusible signal mole-
cules for cell-cell signalling. Diffusing of these small molecules into cells regulates
(autoinduction) totally different behaviours including the production of a variety of
small molecules that are released from bacterial cells to help growth, mobility, com-
petence, sporulation, bioluminescence emission, symbiosis, antibiotic production
and biofilm formation (West et al. 2012; Li and Tian 2012). In addition, the diffu-
sion of these small molecules also contributes to an increase in the production of the
signal molecule itself (autoregulation). Therefore, the production of these signalling
or autoinducing molecules leads to high cell densities, which afford a considerable
increase in the production of signal and QS-controlled factors (West et al. 2012;
Darch et al. 2012). Generally, in infectious diseases, the invading bacteria need to
reach a critical cell density before they show virulence and defeat the host defence
mechanisms (Costerton et al. 2003; Li and Tian 2012). It is now apprehended that
quorum sensing mechanisms occur in both unicellular prokaryotic and single-celled
eukaryotic organisms such as fungi (Miller and Bassler 2001; Waters and Bassler
2005; van Bodman et al. 2008; Sordi and Muhlschlegal 2009; Li and Tian 2012).
Furthermore, the cell-cell communication is apparent between microbial human
pathogens through QS having important implications in the infections.

3.2 Structure, Biofilm Formation, Survivability and Quorum
Sensing

Microbial biofilm formation is a dynamic process that floating (planktonic) cells
transform to immobile (sessile) form of growth (Okada et al. 2005). Still contro-
versy exists in QS involved in biofilm formation (Parsek and Greenberg 2005).
However, it is demonstrated that QS are influencing the biofilm formation in several
species (Parsek and Greenberg 2005). Further, it has been suggested that biofilm
formation depends on the specific gene expression (Okada et al. 2005; Sauer et al.
2004). Biofilm formation is generally considered to occur through series of stages
(Fig. 3.1): (1) adsorption or accumulation of organisms on an aggregator surface,
i.e. substrate (deposition); (2) attachment to a surface or the desegregation of the
interface between organisms and aggregator for formation of polymer bridges; (3)
cell proliferation or growth of organisms on the aggregator’s surface; (4) biofilm
formation and maturation; and (5) detachment or dispersal (O’Toole et al. 2000;
Garrett et al. 2008; Joo and Otto 2012).

In the accumulation step, microorganisms form initial conditioning layer com-
posed of organic or inorganic molecules creating the foundation for biofilm growth.
This layer provides a favourable environment for growth, nutrients and anchorage
of the bacterial community (Characklis and Marshal 1990; Garrett et al. 2008). The
attachment step is categorized as a two-stage process such as reversible attachment
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Fig. 3.1 Development process of biofilm

and irreversible attachment (Garrett et al. 2008; Renner and Weibel 2011). Bacteria
should get closer enough to a surface for biofilm formation as bacterial cell meeting
has both attractive and repulsive forces. When the bacterial cells have distance
between 10 and 20 nm to a surface, the negative charges are repelled; however, van
der Waals forces between the bacterial cells overcome the repulsion by attraction to
a surface. Besides, fimbriae and flagella also provide the mechanical attachment to
the surface (Palmer et al. 2007; Rabin et al. 2015). If the repulsive forces are higher
than the attractive forces, the bacterial cells will disperse from the surface; this
probably would occur before conditioning of a substrate (Garrett et al. 2008). In the
early attachment, planktonic microbial cells are transferred from aqueous to the
conditioned surface by either physical forces or bacterial flagella. Many environ-
mental factors contribute to the reversible attachment of biofilm to a surface such as
surface nature, temperature, pressure, available energy and bacterial orientation
(Garrett et al. 2008). Besides, the reversibly attached cells persist immobilized and
become irreversibly attached cells. The irreversibly attached biofilm can withstand
greater physical or chemical forces (Sutherland 2001b; Liu et al. 2004; Rabin et al.
2015). The flagella and type IV pili play crucial role in irreversible attachment of
cells to a surface and form microcolonies (Garrett et al. 2008; Rabin et al. 2015).
During the lag phase, the bacterial cells adapt to a surface or an environment
for accumulation and attachment process. However, the rapid propagation in the
population occurs in exponential phase or log phase. The bacterial rapid growth in
the biofilm takes place with the sufficient nutrients accessible from the bulk fluid
and the substrate surface depending on the nature of the environment (Garrett et al.
2008). During the cell division in the biofilm, daughter cells move outward and
upward from the attachment point to form clusters, such interactions and growth
provides mushroom-like structure (Hall-Stoodley and Stoodley 2002). It is believed
that mushroom-like structure support the passage of nutrients to bacterial communi-
ties that lives in bottom of a biofilm. The secretions of extracellular matrix by bac-
teria in a biofilm aid to form bonding between cells due to interaction of
polysaccharide, intercellular adhesion polymers and the presence of divalent cations
(Dunne 2002; Garrett et al. 2008). Certain biofilm-related differential gene expres-
sion involved in the bacterial species for transforming planktonic to sessile form
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Fig. 3.2 General quorum sensing mechanism in biofilm formation

aids the cells for adhesion in the population. The motility of the sessile species is
arrested and synthesis of external flagella is inhibited during this stage (Garrett et al.
2008). Meanwhile, the expression of number of genes in sessile species ameliorates
the production of cell surface porin proteins and extracellular polysaccharides.

The cell surface porin proteins such as OprC and OprE provide the path of trans-
portation of bacterial extracellular polysaccharides (homopolysaccharides or het-
eropolysaccharides) into the cell (Hancock et al. 1990; Sutherland 2001c). These
polysaccharides play a key role in adhesion and cohesion of cells to form extracel-
Iular matrix. More than 50 cell surface proteins encoded for biofilm formation was
found in the sessile cells which are absent in planktonic cells (Hall-Stoodley and
Stoodley 2002). The fluid-filled matrix supports the distribution of nutrients consis-
tently inside the biofilm (Parsek and Singh 2003). A cascade of cell signalling
mechanisms are involved during high cell concentration in the biofilm. These sig-
nalling molecules or autoinducers (e.g. homoserine lactones and small peptides) are
used to trigger gene expression by enzymatic process for developing and maturation
of biofilm (Bassler 1999) (Fig. 3.2). The biofilm will break down during death phase
by secreting of enzymes by the microbial community within the biofilm. The lytic
enzymes produced by surface bacteria to break down the polysaccharides aggregate
the biofilm for colonization of new substrates. Alginate lyase, N-acetyl-heparosan
lyase and hyaluronidase are found to be generally used in the breakdown of the
biofilm matrix in Pseudomonas spp., Escherichia coli and Streptococcus equi,
respectively (Sutherland 1999). Concurrently, the gene coding proteins are up-
regulated for organisms’ motility, pathogenicity, luminance and metabolites pro-
duction (Garrett et al. 2008; Rabin et al. 2015) (Fig. 3.2).

3.3  Quorum Sensing in Bacteria

All microorganisms have the capability to form biofilm on any surface (Sekhar et al.
2009). During biofilm formation microbial communities including intraspecies and
interspecies are able to communicate between them through a mechanism known as
quorum sensing. There are well-known QS systems described in bacteria: acyl
homoserine lactones (AHLs) are a major class of autoinducer signalling molecules
used by Gram-negative species for quorum sensing. AHLs are composed of
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homoserine lactone (HSL) rings containing acyl chains of C, to C5 in length (Ng
and Bassler 2009). These side chains entertain occasional alteration, particularly at
the C; position, or unsaturated double bonds (Fig. 3.3a) (Ng and Bassler 2009).
Gram-positive bacterial species predominantly use modified oligopeptides as auto-
inducers in quorum sensing-regulated gene expression systems (Fig. 3.3b).
Furthermore, the autoinducer molecules called AI-2 and HAI-1 system were found
in both Gram-positive and Gram-negative bacterial species (Fig. 3.3c) (Fuqua et al.
2001; Bassler 2002; Sturme et al. 2002).

These systems play the central role for the formation of biofilm. QS relies upon
the intercommunication of a small diffusible signal molecule with a sensor or tran-
scriptional activator to trigger gene expression for QS-coordinated activities (Li and
Tian 2012) (Fig. 3.2). It is constituted that during QS bacteria concurrently regulate
gene expression in response to changes in high cell population densities and com-
plexity of microbial species (Ng and Bassler 2009). There are two types of gene
expression systems on QS, i.e. low-cell density dependent for individual and non-
social behaviours and high-cell density dependent for group and social behaviours
(Parsek and Greenberg 2005; Waters and Bassler 2005; Williams et al. 2007; Novick
and Geisinger 2008). The detecting and responding to variations in cell density is
the essential phases of QS. The low molecular weight molecules of autoinducers are
produced intracellularly and secreted outside the cells either passively or actively.
The increase of concentration of autoinducer is proportional to increase in the num-
ber of cells of a population. When autoinducers accumulate to meet minimal thresh-
old, QS-related receptors bind to the autoinducers and activate signal transduction
cascades leading to gene expression in population-wide changes (Ng and Bassler
2009) (Fig. 3.2).

3.4 Quorum Sensing in Gram-Negative Bacteria

An archetypal Gram-negative bacterial quorum sensing circuit is shown in Fig. 3.4a.
Acyl homoserine lactone (AHL)-mediated Lux-type QS is common in many Gram-
negative bacterial species. The LuxR and LuxI homologs in Gram-negative bacte-
rial species are responsible for production of autoinducers (Fuqua et al. 2001;
Parsek and Greenberg 2005). The first AHL autoinducer identified in the marine
bacterium Vibrio fischeri inhabits as an endosymbiont in the light organ of Hawaiian
squid Euprymna scolopes (Ruby 1996). The luminescence produced by V. fischeri
is utilized by host E. scolopes for its anti-predation mechanism (Ruby 1996). The
LuxI and LuxR are important proteins for QS regulation of bioluminescence in V.
fischeri. LuxI is an autoinducer of N-3-(oxo-hexanoyl) homoserine lactone of the
QS synthases (Fig. 3.3a) (Engebrecht and Silverman 1984; Schaefer et al. 1996).
The autoinducer diffuses passively through the bacterial membrane, and its concen-
tration increases both intra- and extracellularly as the cell density of the population
increases (Bassler 2002). The LuxR is the cytoplasmic receptor for autoinducer and
also the transcriptional activator of the luciferase luxICDABE operon (Engebrecht
and Silverman 1984). The autoinducer ligand is necessary for the stability of LuxR
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Fig.3.3 Representative chemical structures of bacterial autoinducers and the responsible enzymes
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autoinducers and amino acid sequences of the peptide autoinducers produced by Gram-positive
bacteria. The bolded tryptophan in Bacillus subtilis (ComX) is isoprenylated. (¢) Autoinducer-2
family quorum sensing molecules. DPD (4,5-dihydroxy-2,3-pentanedione), the precursor to AI-2.

In the presence of boron, AI-2 exists

as S-THMF-borate ((25,4S5)-2-methyl-2,3,3,4-

tetrahydroxytetrahydrofuran-borate). In the absence of boron, Al-2 exists as R-THMF ((2R,45)-2-

methyl-2,3,3,4-tetrahydroxytetrahydrofuran)
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protein. When the QS autoinducer accumulates, it is bound by LuxR and the
LuxRAHL complex identifying a unanimous binding system upstream of the lux-
ICDABE operon and activates its expression (Stevens et al. 1994).

Pseudomonas aeruginosa is an opportunistic pathogen that primarily infects the
immunocompromised individuals. It is a well-studied pathogen in terms of the regu-
lation of virulence factors and the role the QS acts in pathogenicity. P. aeruginosa
virulence characters are regulated by two different Lux-type QS systems such as las
and rhl (Sifri 2008). This las and rhl system regulates the cascade of virulence regu-
lators in P. aeruginosa including various virulence traits such as exoprotease secre-
tion, toxin production, motility and biofilm formation (Van Delden and Iglewski
1998). The AHL quorum sensing in P. aeruginosa has been described by detection
of las and rhl AHLs N-3-oxododecanoyl homoserine lactone and N-butanoyl-
homoserine lactone in sputum samples collected from cystic fibrosis-infected
patients (Singh et al. 2000; Erickson et al. 2002). The AHL autoinducer molecules
are normally unique among which a specific AHL molecule is recognized only by
the bacterial species that produces it. Therefore, the AHL-quorum sensing systems
largely nurture intra-species cell-cell communication (Ng and Bassler 2009). In
addition, the AHL especially N-3-oxododecanoyl homoserine lactone exhibits anti-
bacterial activity exclusively against Gram-positive bacteria. Therefore, the produc-
tion of AHLs enhance P. aeruginosa is more determined in a mixed bacterial
population or in a biofilm formation (Sifri 2008). The third non-AHL-QS system
that cell signalling occurs through quinolone compounds has been discovered in P.
aeruginosa in addition to las and rhl systems (Sifri 2008). Production of quinolones
(4-hydroxy-2-alkylquinolines) is regulated by the transcriptional regulator MvfR
(Pesci et al. 1999). The Mv{R regulates the expression of many genes through the
trigger of PqsH in the production of anthranilic acid and its conversion to 4-hydroxy-
2-heptylquinoline, and its further conversion to 3,4-dihydroxy-2-heptylquinoline is
known as Pseudomonas quinolone signal (Gallagher et al. 2002; Deziel et al. 2004).
Synthesis of MvfR and PqsH is regulated by LasR, thereby intertwining the mvfR
signalling pathway with AHL quorum sensing (Deziel et al. 2004). Expression of
QS-regulated genes is controlled by Mv{R but is different from those regulated by
AHL autoinducers (Deziel et al. 2005). The large network of QS-regulators such as
las, rhl and mvfR are controlled by a wide range of cellular functions in P.
aeruginosa.

3.5 Quorum Sensing in Gram-Positive Bacteria

Figure 3.4b displays the typical quorum sensing circuit of Gram-positive bacteria.
Quorum sensing is a cell-cell communication and regulation of gene expression
in Gram-positive bacterial species. In Gram-positive bacteria, the signalling mole-
cules or autoinducers are mostly small post-translationally processed peptides
called autoinducing peptides (AIPs) (Fig. 3.3b) (Monnet and Gardan 2015). The
AlIPs are impermeable to cell membranes; thereby secretion of QS small peptides is
usually actively mediated by specialized transport proteins and secreted into the
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extracellular environment (Ng and Bassler 2009). Furthermore, in many cases, the
initially produced small peptides are modified by processing and cyclization during
secretion (Havarstein et al. 1995; Solomon et al. 1996; Ji et al. 1997; Ng and Bassler
2009). One of the major differences between Gram-positive and Gram-negative QS
systems is the site of the cognate receptors. The Gram-negative species of LuxR-
type receptors are cytoplasmic-bound, while the sensors for small oligopeptides in
Gram-positive species are cell membrane-bound. Therefore, the signal transduction
in Gram-positive species occurs through a series of phosphorylation cascade using
membrane-bound two signalling proteins (Simon et al. 2007; Ng and Bassler 2009).
The two-component signalling proteins such as membrane-bound histidine kinase
receptor and a cognate cytoplasmic response regulator function as a transcriptional
regulator (Simon et al. 2007; Ng and Bassler 2009). Similarly in AHL-QS systems,
the concentration of secreted small oligopeptide autoinducers increases the cell den-
sity (Ng and Bassler 2009). A membrane-bound histidine kinase receptor activates
its intrinsic autophosphorylation process by quorum sensing via detection of oligo-
peptide autoinducer accumulation and reaching a threshold concentration in the
extracellular environment (Ji et al. 1995). This ATP-driven phosphorylation activity
ensuring a conserved histidine residue (H) in the cytoplasm subsequently transfers
the phosphate group to the conserved aspartate residue (D) of a cognate response
regulator (Ng and Bassler 2009). Phosphorylation action triggers the regulators to
employ as DNA-binding transcription factors to control expression of target genes
(Ng and Bassler 2009).

Gram-positive peptide autoinducers are different from Gram-negative bacterial
AHLs as they are genetically encoded, not showing similarity on a single core mol-
ecule. Therefore, Gram-positive bacterial species can produce a signal with a unique
sequence (Fig. 3.3b) (Ng and Bassler 2009). The quorum sensing system of
Staphylococcus aureus is a well-studied system, which is encoded by the accessory
gene regulator (agr) locus (Sifri 2008). The agr system plays a crucial role in regu-
lating the syntheses of a wide range of S. aureus virulence factors (Novick 2003)
and complex association with biofilm formation (Sifri 2008). The agr locus consists
of two different transcripts such as RNAII and RNAIII. The RNAII encoding agrB,
agrD, agrC and agrA and RNAIII are instrumental in suppression of cell wall-
related protein production and increase the production of exoprotein secretion in
response to high cell concentration (Sifri 2008). The colonization facilitated by cell
wall-associated adhesins however secreted products of S. aureus inevitably for inva-
sion and dissemination. The four genes encoded by RNAII are involved in the pro-
duction and sensation of the AIPs (Sifri 2008). The agrD encodes the precursor of
the AIP; however, integral membrane protein AgrB controls its processing and
excretion as a thiolactone-modified cyclic oligopeptide. The extracellular accumu-
lation of the AIP is regulated by a two-component histidine kinase that constituted
AgrA and AgrC, whereas the transcription of RNAII and RNAIII is induced by
activation of AgrA-AgrC. Interestingly, RNAIII undergo self-transcription and acts
as the regulatory effector molecule for the agr system, mainly by translational inhi-
bition of the virulence gene repressor and possibly other gene regulators (Geisinger
et al. 2006; Boisset et al. 2007; Sifri 2008). The autoinduction and signal
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transduction of agr system regulates the staphylococcal virulence (Novick 2003;
Sifri 2008).

3.6 Quorum Sensing in Intraspecies or Cross-Species

The third type of quorum sensing known as autoinducer 2 (AI-2) has been reported
in both Gram-negative and Gram-positive species (Miller and Bassler 2001; Federle
and Bassler 2003; Waters and Bassler 2005). The AI-2 quorum sensing system is
different from the other two quorum sensing systems that are particularly imple-
mental in signalling in intraspecies or cross-species communication (Schauder and
Bassler 2001; Federle and Bassler 2003). However, two autoinducers, namely
HAI-1 and AI-2, are produced by a marine bacterium V. harveyi (Fig. 3.3c). Notably,
HA-1 is archetypal to the Gram-negative QS metabolite AHL. However, HA-1 syn-
thesis is not dependent on a LuxI-like enzyme. AI-2 is a furanosyl borate diester that
regulates cell density-dependent bioluminescence in V. harveyi (Chen et al. 2002;
Vendeville et al. 2005). Both the HAI-1 and AI-2 signal transductions occur through
similar phosphorylation cascade of Gram-positive species. Later, Miller et al. (2004)
also reported a chemically distinct form of the quorum sensing signalling molecule
Al-2 from Salmonella typhimurium (Fig. 3.3c).

The model system of quorum sensing circuit controlling bioluminescence shown
in Fig. 3.4c is that of the Gram-negative bacterium V. harveyi. A highly conserved
catalytic enzyme LuxS plays a vital role in AI-2 synthesis. The AI-2 quorum sensing
is predominant among prokaryotic organisms as /uxS gene has been determined in
several bacterial species (Li and Tian 2012). In AI-2 synthesis, LuxS primarily con-
verts S-ribosylhomocysteine to homocysteine and 4,5-dihydroxy-2,3-pentanedione
(DPD) (Fig. 3.3c) where the DPD is a precursor molecule for synthesizing AI-2 (Irie
and Parsek 2008). The LuxP protein acts as a cytoplasmic receptor and a transcrip-
tional activator in the V. harveyi system (Vendeville et al. 2005). However, in
Salmonella enterica sv. Typhimurium system, Al-2 is first transported inside the cell
prior to initiating a signalling cascade (Taga et al. 2001; Irie and Parsek 2008). A
number of diverse interspecies cell-cell communication have been reported by AI-2
that regulates specific target gene expression in V. harveyi, Vibrio cholerae,
Escherichia coli, Salmonella typhimurium, Shigella flexneri, Streptococcus pyo-
genes, Clostridium perfringens, Porphyromonas gingivalis, Neisseria meningitidis,
Borrelia burgdorferi and Actinobacillus actinomycetemcomitans (Bassler 2002).

3.7 Biofilm as a Mechanism of Resistance to Antibiotics

It is now confirmed that intra- and intercellular communications in microorganisms
govern its microbial ecology (Penesyan et al. 2015). The complex cell-cell signal-
ling in natural bacterial communities promotes the evolution and leads the bacterial
species as super bugs that are extremely resistant antibiotics. More than 75% of
bacterial infections involved biofilm formation and encompasses surface-attached
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bacterial colonies that are protected by an extracellular matrix (Musk and
Hergenrother 2006). It is reported that the immobile or sessile bacterial species in a
biofilm are 1000 times more resistant to antibiotic treatment than the same organism
that were grown as free-floating planktonic cells, which rigorously complicates
treatment choices (Rasmussen and Givskov 2006). The knowledge about the molec-
ular mechanisms of antibiotic resistance in biofilms is meagre, despite the existence
of a decade of research. However, some intrinsic and extrinsic resistance factors are
documented to biofilm resistance to antibiotics (Anderson and O’Toole 2008).

The intrinsic factors also known as innate resistance are associated with biofilm
development and life cycle (Paraje 2011). There are many different types of intrin-
sic biofilm factors that are influential of the antibiotic resistance in bacterial com-
munities in biofilm. The factors being: (1) Biofilms can act as diffusion barriers to
preclude antibiotics to reach their targets. Biofilm constitutes a rich exopolysaccha-
ride, enzymes, DNA, protein, water channel and bacterial cells (Rabin et al. 2015).
These physical and chemical properties of the matrix make the antibiotics liable to
limited diffusion or render it ineffective against bacterial species in biofilm and
make them more resistant against antibiotics. (2) The deficiency of nutrients and
oxygen inside biofilms facilitates the bacterial communities to establish the micro-
environment within the biofilm. This microenvironment might induce alternative
metabolic activity resulting in slow growth of the bacteria (Paraje 2011).
Furthermore, many studies are evidential to the oxygen limitation, hypoxic zones,
restricted nutrient diffusion and slow or no growth of bacteria within biofilms (Patel
2005; Paraje 2011). The slow growth certainly leads resistance to killing of bacteria
which are occupied within the biofilm (Costerton et al. 1999). However, the station-
ary planktonic cells are being killed due to slow growth in the microenvironments
that undermine the activity of antibiotics by pH variations (Patel 2005; Hgiby et al.
2010). (3) A small subpopulation of bacteria within biofilm possibly differentiates
into persister cells (Paraje 2011). Generally, the non-growing or slow-growing bac-
teria in the biofilms that differentiate into dormant cells are considered as persister
cells, which are highly resistant to antibiotic treatment (Lewis 2005). The persister
cells undergo phenotypic variations by stable genetic changes for withstanding in
the extreme antibiotic treatment environment (Keren et al. 2004). However, the
association among planktonic persisters and biofilm resistance and the mechanisms
of antibiotic tolerance are unclear (Paraje 2011). (4) Microbial communities in bio-
films producing imbalanced or increased oxidants such as the free radicals, peroxide
and nitric oxide lead to overproduction of reactive oxygen species (ROS) (Paraje
2011). Resulting in the detoxification of ROS by antioxidant defence enzymes par-
ticularly, superoxide dismutase (SOD) and catalase (CAT) are inadequate to elimi-
nate the free radicals in the biofilms (Sardesai 1995). Cumulatively, ROS known as
oxidative stress may result in significant damage to cell structures including the
matrix, DNA, proteins and lipids (Becerra et al. 2006; Baronetti et al. 2011; Arce
Miranda et al. 2011).

Furthermore, the amplified synthesis of oxidative stress stimulates specific varia-
tions in the physiology of bacteria (Paraje 2011). It is also important to note that
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biofilm development is determined by the balanced production of oxidants (ROS
and NO) and antioxidant defences (SOD) which can be much affected by diverse
environmental stress factors that would lead to cellular stress causing a reduction in
the extracellular matrix of the biofilms (Arce Miranda et al. 2011). In addition, bac-
teria in biofilms can trigger oxidative stress mode through inducing the SOS
response and activating DNA repair systems, such as methyl mismatch repair
(MMR) or the DNA oxidative repair system (GO) (Jolivet-Gougeon and Bonnaure-
Mallet 2014). Unexpectedly, the immense number of bacteria with mutations in
DNA repair genes has been detected inside biofilms, contributing in a hypermutator
phenotype with a mutation rate up to 1000-fold (Jolivet-Gougeon and Bonnaure-
Mallet 2014). This phenotype grants a critical advantage for strong mutator species
relating to adhesion capability (Le Bars et al. 2012), growth in biofilms (Lujan et al.
2011) and persistence (Mena et al. 2007). (5) Bacteria within biofilms produce a
prophylactic shield against phagocytes through QS-regulated synthesis of virulence
factors such as enzymes and cellular lysins (Paraje 2011). In addition, QS influence
the biofilm development and regulate the tolerance of biofilms to antibiotic action
(Bjarnsholt et al. 2005).

The extrinsic or induced resistance factors are induced transcriptionally in
biofilm-growing bacteria against antibiotic treatment. The highest occurrence of
mutation has been observed in sessile bacteria compared to free-floating planktonic
bacteria residing in biofilm through horizontal gene transmission (Paraje 2011).
Studying horizontal gene transfer in natural environments contributes emergence of
multidrug-resistant bacteria and genetic diversity of microbial communities
(Martinez 2009, 2012). Bacteria can accumulate high levels of enzymes in response
to antibiotics. For example, Pseudomonas aeruginosa biofilm secrete high amount
of beta-lactamase regulated by beta-lactamase gene (ampC) by expression of the
green fluorescent protein (GFP) after exposure to high dose of ceftazidime (Bagge
et al. 2004; Jolivet-Gougeon and Bonnaure-Mallet 2014). Therefore, the bacterial
cells within biofilms might concurrently produce antibiotic degrading enzymes that
affect the affinity of antibiotic target and over express efflux pumps that have a
broad range of substrates (Paraje 2011; Jolivet-Gougeon and Bonnaure-Mallet
2014). The multidrug efflux pumps in biofilm-growing bacteria importantly contrib-
ute to biofilm formation, and this mechanism is arsenal in defeating various classes
of antibiotics.

3.8 Conclusion

The bacterial physiological functions such as motility, development of antibiotic
resistance and virulence factors and biofilm formation are regulated by quorum
sensing mechanism. It is undeniable that increased antibiotic resistance in biofilm
forming bacteria and further comprehensive studies of molecular mechanisms are
needed to understand the regulatory system of QS.
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