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Preface

A biofilm is a microbial form of life formed by the organic exopolysaccharide
structures produced by microorganisms, irreversibly attached to a living or
inanimate interface. Today, biofilms are widespread in nature and produced by
many bacteria.

Biofilms protect bacteria from changes in environmental conditions and the
harmful effects of ultraviolet light, making it easier for the bacteria to store food
and remove waste materials. Due to biofilms, it is difficult for microorganisms to
undergo phagocytosis by the immune system cells. When favorable conditions
occur, biofilms can be created by pathogenic microorganisms. Bacterial attachment
levels, surface properties, temperature, type and number of bacteria, pH of the
environment, cell-wall structure of the bacteria, mobility, amount and content
of the nutrients in the environment, and ion concentration all affect biofilm
formation. Microorganisms create biofilms for reasons such as protection from
the harmful effects of the environment as well as obtainment of nutrients

and new genetic features. Biofilm formation is not a random event, and many
microorganisms signal each other using small diffuse molecules to coordinate
activities.

The intercellular communication required for biofilm formation is provided

by a system called “quorum sensing.” This system provides many advantages to
bacteria, but it also controls the formation of biofilms through signals transmitted
from cell to cell. While the quorum sensing system detects the population density
around the bacteria, the bacteria provide gene control. In addition to developing
coordination between food sources and bacteria, quorum sensing also increases
communication with the bacteria during infection to develop resistance to the
immune response in the host.

Studies have shown that bacteria living in biofilms are more resistant to
antibacterial agents, iodine, the iodine polyvinylpyrrolidone complex, chlorine,
monochloramine, pyrogens and biocides, and heat.

Biofilms are known to cause economic losses due to their negative effects in
many areas, especially in health and food. New methods incorporating
enzymes, detergents, ultrasound, and electricity are being used to control

and prevent bacteria via mechanical cleaning, use of biocides, preventing
biofilm development, preventing microbial adhesions, and supporting biomass
extraction. However, the effectiveness of each methods varies according to

the applied surface, the type of bacteria that forms the biofilm, and the
application methods.



Biofilms can cause great industrial losses and threaten public health. Therefore,
more research is needed to understand biofilms and develop efficient ways of
preventing their formation.

Sadik Dincer
Cukurova University,
Adana, Turkey

Melis Siimengen Ozdenefe
Near East University,
Nicosia, Turkish Republic of Northern Cyprus

Afet Arkut
Cyprus International University,
Nicosia, Turkish Republic of Northern Cyprus

XVI



Section 1

Biofilm in Wastewater
Treatment







Chapter1

Biofilm in Moving Bed Biofilm
Process for Wastewater Treatment

Shuai Wang, Sudeep Parajuli, Vasan Sivalingam
and Rune Bakke

Abstract

A brief introduction of the long history of biofilm-based wastewater treatment
is given together with basics of biofilm behavior and mechanisms in removal and
transformation of pollutants. Moving bed biofilm reactor (MBBR) principles and
applications of such are presented. Advantages and limitations of such solutions are
given together with evaluations of emerging MBBR applications. The basis of bio-
film processes and biofilm layer classification based on dissolved oxygen gradient is
discussed. Organisms grow at the protected surface of the biocarrier where oxygen
gradients create aerobic, anoxic, and anaerobic layers allowing simultaneous nitri-
fication and denitrification in one MBBR (nitrification, nitritation, autotrophic,
and heterotrophic denitrification). Combination of MBBR with activated sludge,
continuous flow intermittent cleaning (CFIC®), and integration with anaerobic
digestion increases the potential usage of MBBR for enhanced efficiency and
energy recovery and is partly discussed as case studies (COD, ammonium, and solid
removal). Biofilm thickness and scaling control can be crucial for MBBR perfor-
mance. The type of carriers, filling degree, and operational conditions play a major
role for process performance; hence, the effect of those parameters is presented.

Keywords: moving bed biofilm, TN removal, scaling on biofilm, biocarriers

1. Introduction

The use of biofilm systems in wastewater treatment is being increased rapidly
because of its tempting approach of pollutant removal from wastewater, which has
been proved to be effective in terms of both cost and environmental perspectives
[1, 2]. Biofilm can have both positive and negative effects in treatment processes
depending on the type of treatment concept applied. Processes such as a moving
bed biofilm reactor (MBBR) depend on biofilm development, while it can cause
problems in membrane bioreactor (MBR) through membrane biofouling. Those
processes taking advantage of biofilms have been widely used for the removal of
organic and inorganic matters from different wastewaters [1], by mechanisms such
as biodegradation, bioaccumulation, biosorption, biomineralization, and bio-
immobilization [1, 3, 4].

There are several benefits of using biofilm system in wastewater treatment,
as compared to suspended growth system (activated sludge for example), such as
flexible procedures, smaller space demand, lower hydraulic retention time, increased
resilience to changes in the environment, higher biomass retaining period, high active
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biomass concentration, as well as low sludge production [3, 5, 6]. The use of biofilm
systems also enhances the control of reaction rate and population mechanisms [5, 7].

Microorganisms tend to form clusters/colonies to expedite the organism’s
growth and facilitate access to food, etc., by forming biofilm [8]. In biofilm or
attached growth systems, the growth of the biomass responsible for the conver-
sion of organic material and/or nutrient occurs on the surface of support packing
material [9]. Biofilm formation is enhanced by substratum provided to retain and
grow microorganisms. The support medium can be rocks, stones, gravels, sand,
soil, wood, rubber, plastic, and agglomerates of the biomass itself (granules) or any
other synthetic materials [3, 8]. The packing material provides a large surface area
per unit volume for biofilm development in high-rate processes; thus, substratum
material selection is important to maintain a high quantity of active biomass and to
uphold different varieties of microbial populations [10]. The large surface area of
the biofilm enables the media to efficiently adsorb a high amount of substrates from
the influent wastewater. As the biofilm develops on the media, it provides diverse
habitats so that different constituents such as carbon and nitrogen components
of the wastewater are transformed and mineralized, thus increasing the removal
efficiency of the organic substances from influent wastewater.

There are generally three steps involved in biofilm formation, including biofilm
attachment, growth, and detachment (Figure 1). Microorganisms attach on to the
substratum, such as the surface of carriers in MBBR processes, by adhesion, and the
attachment is reversible at the early stage. Tight connections between organisms and
the substratum can be gradually established by extracellular polymetric substances
(EPS) produced by the organisms. EPS is a mixture of polysaccharides, proteins,
and extracellular DNA, and it is recognized to also be important for the communica-
tion between biofilm cells, biofilm 3D structure formation, and multicellular living
[11]. Biofilm detachment from the surface is a natural mechanism where biomass
(individual cells or lumps of cells) is released into bulk liquid. It can be influenced
by hydrodynamic shear forces and other environmental conditions such as toxic
chemical exposure. Detachment process limits biofilm accumulation and thickness
and thus balances the attached biofilm quantity at steady-state conditions [11].

Different species can be found in the same biofilm clusters. They can vary from
rapidly growing to inactive organisms, from heterotrophic to autotrophic organ-
isms depending on substrate gradients, mutation, genetic regulatory switches, and
signaling pathways [11]. Due to oxygen transfer limitations in an aerated system, the
biofilm can contain aerobic, anoxic, or anaerobic organisms at the same time [5, 8].
A well-established biofilm can have any thickness, but around 0.1 mm is considered

g 2 3 .

Figure 1.
Biofilm life cycle. Adapted from the Center for Biofilm Engineering, Montana State University [11].
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Left, graphical illustration of biofilm processes [15]; right, biofilm picture and layer classification based on
dissolved oxygen gradient [12].

suitable in an efficient MBBR, where mass transfer in the biofilm structure and
between the interphase of biofilm and liquid is critical for efficient mass transfer
[12, 13]. Both diffusion and convention can occur [11, 14] in the biofilm mass trans-
fer (Figure 2), while substrate diffusion is considered to usually be the rate-limiting
process within the biofilm structure. Substrate accessing of biofilm can be enhanced
by, for example, enhanced aeration/mechanical mixing to enhance mass transfer
from the bulk liquid to the biofilm surface. The internal biofilm growth (Figure1)
and external forces such as abrasion are important factors for biofilm morphology,
development, and effectiveness of biofilm processes.

Biofilm processes applied for wastewater treatment have a long history. Trickling
filters (TF) and rotating biological contactors (RBCs) utilizing biofilm growing on
the packing medias are biofilm processes being widely applied of low-cost and low
maintenance comparing to activated sludge process [1, 3, 16]. Moving bed biofilm
process, which was developed in the 1980s [14, 17], has been widely applied for
organic and inorganic wastewater treatment of high efficiency, low maintenance,
and low operation cost [8, 17 18]. A membrane-aerated biofilm reactor (MABR)
has been developed recently for organic and ammonia removal, based on an aerated
membrane where biofilm attaches on the fiber [10]. Biofilm in the form of granular
sludge for energy recovery (methane) from wastewater organics, such as by upflow
anaerobic sludge blanket (UASB) [8, 19], expended granular sludge bed (EGSB)
[20, 21], and internal recycle reactor (IC) [22], and aerobic granular sludge reactors
for shortcut ammonia removal, such as anammox process [23], and for simultane-
ously organic, phosphor, and ammonia removal, Nereda [24] has been developed
and is increasingly used in both industrial and municipal wastewater treatments.

Biofilm applied in MBBR processes are focused in this book chapter. Commonly
applied MBBR and its derivatives processes are introduced and compared. A case
study based on MBBR concept for municipal wastewater treatment is also provided.

2. Moving bed biofilm reactor

Moving bed biofilm reactor (MBBR) is an advanced wastewater treatment tech-
nology, which employs the benefits of both biofilm and activated sludge processes
for highly efficient wastewater treatment [14]. Developed in the 1980s, MBBR has
been established in the last two decades worldwide as a simple, robust, flexible,
and compact wastewater technology for both municipal and industrial wastewater
treatment [14].
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2.1 Biocarriers

Plastic carriers of different shapes and surface areas have been developed and
applied in the MBBR systems as biofilm substratum. The carriers’ shape, density,
protected areas, and void volume are important factors that affect the performance
of MBBR processes. Carriers can be made of different shapes such as squares,
round, and sphere. The shape can affect the carrier’s strength, shearing, and
colliding conditions. The carrier density is normally lower than water at around
0.98 kg/L, so that it can be suspended in wastewater with biofilm attachment with-
out introducing strong mixing. The carriers protected areas range from 300 to over
1000 m*/m’ depending on the shapes and internal structure. Large carrier protected
areas normally mean high complexity of the carrier structure and higher produc-
tion cost. Carriers of protected areas of 500-1000 m*/m’ are normally applied
in full-scale wastewater treatment plants due to their costs and process benefits.
Figure 3 shows two different types of plastic carriers that are made of high-density
polyethylene (HDPE) with respective protected surface area of 650 (BWTX®) and
828 (BWT15®) m’/m’. The biofilm on carriers develops as illustrated in Figure 1
and maintains active organisms in thin layers. A well-designed carrier enables stable
biofilm in the MBBR process, so that the void is not easily blocked by wastewater
particles or excessive biofilm accumulation. Effective mixing/aeration combin-
ing a good carrier design leads to good system performance and low-maintenance
requirements.

2.2 Carrier filling degree

A typical MBBR process can have a biocarrier filling ratio lower than 70%,
where carriers are continuously mixed in the reactor and the whole reactor has
homogenous conditions. Due to shear forces from mixing/aeration, biofilm growth
and detachment processes are balanced to maintain a relatively constant biofilm
thickness at steady-state condition. The limitation of filling degree is related to
energy consumption and mixing effects for mass transfer purposes [26]. Higher
filling degrees will result in higher energy requirement for sufficient mixing of the
suspended carriers. It is especially challenging for aerobic systems where aeration
energy consumption can account for more than 70% of the complete treatment
energy demand [8, 13]. While different carrier filling degrees have been attempted,
a different setup based on over 90% filling degree has been developed by biowater
technology. The process is named continuously flow intermittent cleaning (CFIC®)
which constitutes of two individual modes, a normal operation mode and a washing
mode. In the normal operation, over 90% filling degree leads to an almost stagnant

Figure 3.
Biocarrier BWTX® (left) and BWT15® (right) (biowater technology AS, Norway) with biofilm growth [25].
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carrier bed. Oxygen field transfer efficiency (OTE) has been documented to be 1.5
times higher than in a normal MBBR with lower filling degree by applying coarse
bubble aeration. Big bubbles are cut through the carrier bed with better utiliza-
tion. Due to high filling degree, sludge will accumulate on carriers which also work
as a filter bed media for wastewater treatment. High sludge accumulation will

lead to effluent solid increase after certain times depending on load situations. A
washing mode is therefore introduced by increasing the water level in the reactor
which resembles a normal MBBR operation washed-out accumulated excess sludge
(similar to backwashing of sand filters). Wastewater can be fed continuously to

the reactor without stops during the washing cycle. This high filling degree process
has been applied in full scale for petrochemical wastewater treatment [27] and
municipal wastewater treatment both in China and Brazil for organic and ammonia
removal, confirming high efficiency and compactness. Carrier filling degree around
30% is also applied for systems to remove dissolved oxygen before feeding to a
denitrification system, for example.

2.3 MBBR treatment process

In a MBBR biofilm system, the process effectiveness depends on the active organ-
ism’s concentration, mass transfer efficiency, and system setup, for example, feed
distribution and mixing. Organisms’ concentration is relatively constant in a stable
process, depending on feed substrates and biofilm mass on carriers, which is on
average below 20 g/m’. The carrier mass value can be higher in a system with scaling,
for example, while the active organisms are mainly on the outer surface of the scaling
mass. For processes like nitrification or anammox, the mass per area can be lower
due to the slow growth rates. The organic loading rate in MBBR is generally based on
the protected surface areas, such as gCOD/m?/d. The organic loading rate can be as
high as 100 gCOD/m?/d depending on the biofilm condition and loading history. A
reduced removal efficiency is expected in such high load system where oxygen supply
can be a limiting factor. Comparing to activated sludge system, a MBBR can sustain
higher sludge concentration per reactor volume. With an on average 20 g/m* biofilm
on carrier surface and a filling degree of 70%, the sludge content is about 7 g/L for
a surface area 500 m*/m’ carriers. This is achieved without sludge return and thus
reduces the operation complexity and equipment for sludge return is avoided.

MBBR process has also been developed for ammonia removal through both tra-
ditional nitrification and denitrification processes and anammox (Figure 4) [13].
In conventional nitrogen removal process, ammonium ion is oxidized to nitrate by
complete nitrification, and subsequently nitrate is reduced to nitrogen gas by pre-/
post-denitrification. Such nitrogen removal is usually carried out in two different
reactors. Inorganic carbon as alkalinity is normally supplied to perform ammonium
oxidation. Denitrification requires easily degradable organic such as methanol as
electro acceptor. Partial nitrification, called nitritation, and anaerobic ammonium
oxidation can also be achieved to remove nitrogen from wastewater in one reac-
tor by manipulating dissolved oxygen concentration into the biofilm. That means
oxidation of nitrite to nitrate is suppressed, and denitrification can occur according
to “shortcut” in Figure 4 [13].

Ammonium removal by nitrite is performed by a group of autotropic bacte-
ria, named anammox bacteria [28, 29]. The anammox process requires 40% less
energy and generates 88% less CO, emission comparing to traditional nitrogen
removal process [10, 24]. Due to low growth rate (0.06 g VSS/g VSS d), a doubling
time being ~10-14 days at relatively high temperature (30-35°C) [30], anam-
mox requires long start-up period. The biofilm attached to the MBBR carrier,
being protected from the environment, maintaining long sludge retention time,
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Figure 4.
Nitrification and denitvification with shortcut mechanism illustrated [13].

and thereby preventing the slow-growing organisms from being washed out of

the system, is suitable for slow-growing anammox biomass. Limited research on
anammox process in MBBR is documented, but it has been observed that removal
rates of up to 1.2 kg N/m’.d can be achieved using MBBR for side-stream reject
wastewater treatment in municipal application [31]. Nitrite formation is a limiting
step, and dissolved oxygen needs to be well controlled, so advanced process control
is required for efficient MBBR anammox solutions.

MBBR has also been applied for biological phosphor removal in Norway by
physically moving carriers with biofilm from anaerobic stage to aerobic stage and
back to anaerobic stage so that the P-accumulating organisms undergo the same
cycles as in activated sludge “Bio-P” processes [32].

2.4 Different MBBR reactor setups

Due to MBBR’s compact nature, high effectiveness, and reliability, the MBBR
process is also integrated with other processes (summarized in Table 1), such as
with activated sludge for enhancing ammonia removal, with anaerobic granular
sludge process to form a hybrid system, such as HyVAB® [13, 27], for combined
anaerobic and aerobic wastewater polishing, and with membrane bioreactor (MBR)
for high strength and stricter wastewater treatment requirements [10].

Based on the MBBR technology, there are several commercially proven technolo-
gies available in the market [25], such as:

* CFAS®—Combined fixed film activated sludge

* CFIC®—Continuous flow intermittent cleaning reactor

* HyVAB®—Hybrid vertical anaerobic biofilm reactor

The typical layout for the above processes for organic removal is shown in
Figure 5. Table 1 briefly compares the abovementioned technologies and key bene-
fits. Most of the technologies only focus on COD and nutrient removal from wastewa-
ter except HyVAB®. HyVAB® is the technology that focuses on both COD, nutrient
removal together with energy recovery as biogas [13, 25]. Biogas production from the
HyVAB® reactor makes the treatment process partially or fully energy self-sufficient.

2.5 MBBR operational issues

Depending on MBBR process operational knowledge and full-scale design experi-
ence, several problems can be encountered for a full-scale MBBR process, such as



Biofilm in Moving Bed Biofilm Process for Wastewater Treatment

DOI: http://dx.doi.org/10.5772/intechopen.88520

Technology Process

Benefits

MBBR [12,13,25]  Freely moving plastic carriers with
attached biofilm removing both

organic and inorganic nitrogen

* High effective surface area in carrier gives
large protected growth area, hence less space
requirement

Self-regulating biofilm on carriers requires
less monitoring and ensures stable treatment
process

CFAS®/IFAS [33]  Uses the existing activated sludge * Suitable for retrofitting existing activated
process together with MBBR carriers,  sludge plant to enhance nitrification and BOD
by introducing plastic carriers into removal
the activated sludge process + Small foot print

* BOD, P, and N removal can be achieved together
* Achieve low SVI, ensures efficient sludge removal
CFIC® [34] High carrier filling degree of over e Very compact and energy-efficient process

90-99% that allows high substrate
transfer efficiency. Operates in
normal and washing modes with
continuously wastewater feeding.
Excess biomass removal is needed

(20% smaller footprint and 50% less energy
demand than MBBR)

Higher oxygen (1.5 times to MBBR) and
substrate transfer efficiency

Very low SVI enables fast sludge settlement,
809% less effluent sludge than MBBR in normal
mode

HyVAB® [27] Hybrid system integrates both
anaerobic and aerobic high-rate
processes. Anaerobic stage recovers
energy (methane) from wastewater
and the aerobic part with biocarrier
removes the remaining organics and

nutrients

Ultra-high rate and compact process

Suitable for wide range of application; reject
water treatment and industrial wastewater
treatment

Very low sludge production

High COD removal and generate high methane
content biogas

Table1.

MBBR integrated technologies with other biological treatment process.

Removal of BOD/COD

BOD/COD Separation

Wash water settling

.
| Biological sludge

Wash water

Effluent

MF or UF membrane

CFIC biofilm process

3)

Figure 5.

Removal of BOD/COD

BOD/COD Separation

P

IAS

Wi

crice
AEROBIC
BIOFILM

Wash water

DO,

ANAEROBIC
DIGESTION
STAGE

(4)

Typical layout of (1) MBBR, (2) CFAS, (3) CFIC, and (4) HyVAB for organic (BOD/COD) removal [25].



Bacterial Biofilms

feed pipe/effluent sieve blocking, nonhomogeneous mixing, carrier voids blocking,
destroyed carriers, carrier accumulating at the effluent sieves, and carrier overflow
out of reactor. These can be all prevented through skilled design, based on accumu-
lated project knowledge and operation experience.

Depending on wastewater characteristics, problems such as chemical scaling on
carries can happen, especially for wastewater that contains high calcium, ammonia,
and other minerals, such as anaerobic digestion reject water and diary wastewater
[35]. Mineral precipitation can occur when wastewater is supersaturated with
relevant ion concentration [35]. The composition of mineral scaling varies and
can contain struvite, hematite, hydroxyapatite, maghemite, etc. [8, 35]. Scaling on
biofilm carriers creates negative effects on the reactor’s performance by reducing
effective surface area, hindering the mass transfer, and demanding more energy
to keep the carriers in suspension. Carriers with excess scaling become heavier
and settled down at the reactor bottom and need to be replaced [35]. The pH and
concentration of the ions are the main factors influencing chemical precipitates
on carriers. Minerals tend to precipitate more at higher pH; thus, pH control can
alleviate scaling. Buffer dosing, reduced air stripping of CO,, and alkalinity removal
could help to hinder scaling rates. Pure oxygen aeration is an option to avoid air
stripping of CO, to avoid pH increase. Pretreatment by chemical precipitation such
as adding lime to remove calcium and magnesium could also be an option.

Feed wastewater composition changes can cause disturbances such as increased
organic load in nitrification or anammox processes that will lead to a shift in
competition between heterotrophic to autotrophic bacteria. In such cases, the het-
erotrophic bacteria that have higher growth rate can gradually dominate the MBBR
biofilm, leading to unfavorable condition for ammonia removal.

Unwanted biofilm detachment caused by toxic chemicals or abrupt operational
condition changes, such as sudden increase of aeration can lead to process problems
and even failure in extreme cases, but inner layers of biofilms are protected by the
outer layers, making biofilms quite resilient to such disturbances.

3. MBBR case study

This chapter provides a case study where the novel CFIC biofilm process has
been studied for municipal wastewater treatment, including for organic, ammonia,
and total nitrogen removal. The CFIC process operates in two modes, a normal
operation where high carrier filling is applied and a washing mode for extra sludge
removal (Figure 6). Detailed process concept description can be referred to [34],
and more information is given in the following presentation of a three-stage CFIC
pilot for municipal organic and nitrogen removal. The first full-scale three-stage
CFIC process has also been accomplished for a 30,000 m?/d municipal wastewater
treatment in Guiyang, China, in 2017.

Influent Influent Wash water

i a——

Efluent

Open vave: [
Closed valve: o

Figure 6.
The CFIC® during (a) normal operation and during (b) the cleaning cycle.

10



Biofilm in Moving Bed Biofilm Process for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.88520

3.1 Pilot layout

A pilot CFIC plant with a maximum feeding capacity of 6 m*/h has been con-
structed for municipal wastewater treatment study at NRA, Norway. The pilot plant
constitutes of a pre-denitrification (R1), two aerobic CFIC stages (R2 and R3),
and a sludge settler for sludge removal and supernatant return to biological stages
(Figure 7). The three biological stages are 8.7, 8.3, and 8.3 m’, respectively, in
volume. Biocarriers of BWT15® and BWTX® (Figure 3) were filled in the first and
the other two stages separately. During normal CFIC operation, a filling ratio of 62,
86, and 83%), respectively, is applied. The filling degree of the pre-denitrification
was kept constant at 62% while reduced to 71 and 69% when intermittent washing
cycle was performed in the other two aerobic stages.

The pilot was fed with municipal wastewater directly pumped from the full-scale
primary clarifier onsite (Figure 7), and the wastewater characteristics are given in
Table 2. The wastewater temperature was around 15°C in the whole year. The waste-
water was fed at 3-6 m*/h to the system with a recycle ratio of 1-1.5 during the study.
To facilitate biofilm growth on carriers, washing mode was applied at the beginning
of the test until stable biofilm growth was observed. The pre-denitrification stage
was washed daily, and the two aerobic stages were washed together in every 1 or
2 days after the first reactor washing cycle finished. The washing cycle for each stage

Settler " s

SAHELING Pol 5
e T

R1

wwwwwwwwww

(((((

Figure?7.
Pilot system PID layout.
Average feed condition Period 1 (15.05-29.06) Period 2 (24.10-01.12)
TCOD (mg/L) 392 214
TSS (mg/L) 264 123
NH,-N (mg/L) 20.4 14.5
TN (mg/L) 45 29
pH 72 7.0
Table 2.

Feed wastewater characteristics in the two test periods.
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is normally 1 h. Wastewater samples were taken for analysis before and in the wash-
ing cycle to record parameters such as COD and suspended solid.

3.2 COD and ammonium removal

Pilot performance in period 1 (Table 2) is presented below. Feed wastewater
characteristics show that during this period more than 80% of the feed COD was
particles. The influent total COD was mostly removed/retained in the denitrification
reactor (R1), and the effluent TCOD in R2 and R3 is identical (Figure 8). Soluble
COD removal was about 30%, with 16% removed in R1 and the rest was removed
after R3. The feed ammonium concentration was around 20 mg/L (Figure 9)
after combining with recycle wastewater from R3, the ammonium content was
diluted to about half of initial value, and it can be seen that significant NH,-N is
removed in the first (80%) aerobic reactor (R2) (Figure 9) to an average concentra-
tion of 1.5 mg/L. After aerobic stage 2, the NH,-N concentration was on average
0.6 mg/L. Due to very low available organic for denitrification (C to NOx-N ratio of
on average 1.7), the total nitrogen removal was about 36%. Limited flow capacity of
the pilot giving the TN and NH,4-N loading rate about 0.4 g N/m,/d, which was much
lower than previously tested (>2 g N/m*/d in a small-scale reactor).

3.3 Solid removal

Comparing to a traditional MBBR, CFIC process has good capacity to retain
particles inside the carrier filter bed (instead of being continuously washed out of
the system in conventional MBBR). The pilot study shows that during the MBBR
mode (CFIC washing), the total suspended solid (TSS) content in the three stages
was similar at around 250 mg/L, which was slightly lower than the feed TSS of
about 300-400 mg/L. While in the CFIC normal operation model, the TSS was
lower than 100 mg/L in all three stages with an average value of 50 mg/L. This is
five times lower than a MBBR effluent TSS content, which indicates that solids were
retained in the CFIC process.

CFIC washing cycle can normally bring out a large quantity of solid attached
or accumulated in a short period. The average solid content for the washing water

800

AFeed TCOD

700 R1 effluent TCOD
* R2 effluent TCOD e
R3 effluent TCOD
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100 =
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Figure 8.

COD removal by the CFIC pilot, R1, pre-denitrification; R2 aerobic stage 1 and R3, aerobic stage 2.
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Figure 9.

NH -N removal by the CFIC pilot, R1, pre-denitrification; R2 aerobic stage 1 and R3, aerobic stage 2.

is 1.3-6.4 times of the influent wastewater TSS in this study depending on wash-
ing frequency and accumulation of solids. The washed-out sludge has low sludge
volume index (SVI) of around 70 mg/L and can settle quickly in a fast sludge
settler. This feature enables at least two times smaller clarifier for sludge settle-
ment comparing to the one needed for conventional MBBR processes. The solids
washed out of the system can be from 3 to 12 g TSS/m” carrier surface, accounting
for 3-14% of the total attached TSS [36]. The washing water peak TSS content can
reach over 2000 mg/L and gradually reduced with continuous wastewater feeding
after washing stops [36, 37]. Over 50% of the washed-out particles are larger than
60 pm, which is larger than normal influent and effluent values [36], explaining
the low SVI level. It may take 1-4 h until the effluent solid content reaches a stable
condition after each washing.

4, Conclusions

Wastewater treatment by applying biofilm has been developed over the
years, and various biofilm processes are playing important roles at different
stages of wastewater treatment industries. MBBR concept based on biofilm is
widely used for organic and inorganic removal in both industrial and municipal
wastewater remediation. It is approved to be a compact, energy-efficient, and
robust solution comparing to a traditional activated sludge process. Due to
biofilm growth on a protected area, different organism species coexist in the
MBBR biofilm clusters which enhances their resilience to the environmental
condition variations. The development based on MBBR to even compact process
such as CFIC and HyVAB and the integration of MBBR with other high-rate
and efficient processes could potentially reduce the footprint and complexity of
wastewater treatment. Future studies to improve MBBR system for high mineral
content wastewater treatment, optimize carrier designs and understand the
correlation between protected area and organism species in different environ-
mental condition, the biofilm growth, and detachment mechanisms induced by
external forces and improving the energy efficiency for enhanced mass transfer
are interesting topics to be explored.
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Abstract

The aquatic environment is highly complex and diverse, consisting of several
types of ecosystems that are dynamic products of complex interactions between
biotic and abiotic components. Changes in the physical and chemical properties of
these ecosystems can significantly affect the balance of life forms present, especially
in their microbiota. Among the main pollutants present in these environments
are heavy metals. Several studies demonstrate the effects of these minerals on the
structure and function of microbial communities, which may develop adaptation
mechanisms for survival and permanence in these sites. In addition, the resistance
to heavy metals may contribute to the evolution of resistance genes to the different
types of antimicrobials due to the increase of the selective pressure in the environ-
ment, becoming a public health problem. One of the adaptive mechanisms present
in bacteria from impacted environments that has been frequently investigated is
the formation of biofilms. Recent studies have reported significant changes in the
structure and amount of biofilm formed in the presence of different metals, and
consequently, an increase in the tolerance to these pollutants and antimicrobials.
This review will discuss the effects of some metals on bacterial biofilms and their
consequences for the marine environment.

Keywords: chemical pollution, toxicity, mechanisms of adaptation, metals,
antimicrobials

1. Introduction

The aquatic environment is highly complex and diverse, comprising various
types of ecosystems that are dynamic products of complex interactions between
biological and abiotic components. Changes in physical properties and ecosystems
may affect the balance of life forms present there [1, 2].

In recent decades, these ecosystems have been significantly altered due to
multiple environmental impacts from the release of large amounts of effluent
without adequate prior treatment, resulting in the scarcity of existing natural
resources [3, 4]. Among the main pollutants that generate negative impacts on life
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forms are heavy metals. The presence of these contaminants may cause changes in
the structure and function of microbial communities [5], which can develop vari-
ous resistance mechanisms that enable their survival [6]. In addition, heavy metal
resistance may contribute to the evolution of resistance genes to different types of
antimicrobials due to increased selective pressure in the environment [7].
Adaptability as well as metabolic and physiological differences are essential
characteristics for microorganisms to remain in these locations. One of the adaptive
mechanisms present in bacteria that has been frequently investigated is biofilm
formation [8]. Biofilms are structures composed mainly of microbial cells and
a matrix formed by a cluster of extracellular polymeric substances (EPSs) [9].
Biofilm-grown cells have some distinct properties from planktonic cells, one of
which is increased resistance to antimicrobials and heavy metals [10]. In this review,
we propose to report the latest findings on the survival strategies of microorganisms
in impacted aquatic environments, more precisely on the influence of heavy metals
on biofilm formation.

2. Microorganisms in contaminated aquatic environments

Water is an indispensable natural resource for the survival of man and other liv-
ing beings [11, 12]. According to Raucci and Polette [13], 97% of the planet’s water
is found in the oceans, and of the remaining 3%, only 0.3% is available for human
consumption and is stored in springs, lakes, rivers, and groundwater.

According to the United Nations (UN), access to water supply and sanitation is a
human right and vital to the dignity and health of all people. However, there are still
about 1.1 billion people without access to clean water and 2.4 billion people without
access to basic sanitation services [14].

The decline in water quality has become one of the most serious problems world-
wide, a fact that has been intensified by the increase in population and the absence
of public policies aimed at the preservation of water resources. According to the
World Health Organization—WHO [15], approximately half of the world’s develop-
ing population will be affected by diseases that are directly related to poor-quality
water and/or lack of adequate or even no sanitation.

Contamination of natural waters represents one of the main risks to public
health, a fact that is directly related to the discharge of untreated domestic, hospital,
and industrial effluents, which cause contamination of aquatic bodies by pathogenic
microorganisms such as bacteria, viruses, protozoa, and helminth eggs [16].

Among the bacteria can be highlighted those belonging to the
Enterobacteriaceae family, represented by species Escherichia coli, Klebsiella pneu-
moniae, Proteus mivabilis, Enterobacter cloacae and Providencia rettgeri. Most of these
species are commonly found in the intestinal tract of humans and animals, and
their presence in aquatic environments indicates fecal contamination [4, 17].

Another problem found in the aquatic environment is the contamination by
resistant bacteria from humans and animals exposed to antimicrobials [18, 19], as
well as the disposal of antimicrobial waste from domestic and hospital effluents.
Water is not only a means of spreading resistant microorganisms, but also the
pathway through which resistance genes are introduced into the ecosystem, altering
the environmental microbiota [20].

Studies have shown bacterial resistance in various aquatic environments includ-
ing rivers and coastal areas, domestic sewage, hospital sewage, sediment, surface
water, lakes, oceans, and drinking water [4, 21-24].

Among the main pollutants found in this environment, we highlight the
heavy metals that when introduced into the environment can cause changes in
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Figure 1.
Impacted aquatic environment and survival strategy of the present microorganisms.

the structure and function of microbial communities [25]. Aquatic systems may
be introduced as a result of natural processes such as weathering, erosion, and
volcanic eruptions [26]. However, in recent decades, the increase in urbanization
and industrialization has contributed to the large increase of these environmental
contaminants worldwide [27].

Thus, microorganisms have been developing various resistance mechanisms that
allow their survival [6]. Among the various mechanisms, intra and extra-cellular,
are bioaccumulation [28], biosorption [29], biomineralization and precipitation
[30, 31], oxidation and enzymatic reduction of the metal to the less toxic form
[32], production of siderophores [33], and biofilm formation [34]. Figure 1 shows
an impacted aquatic environment and a survival strategy for the microorganisms
present there.

3. General characteristics of heavy metals

The term “heavy metals” is used to identify a group of chemical elements that
have atomic density greater than 5 g cm™ or have atomic number greater than 20
[35]. Some of these elements, such as sodium (Na), magnesium (Mg), potassium
(K), calcium (Ca), zinc (Zn), and copper (Cu), are essential microelements for
various life forms, as they are necessary for the functioning of some metabolic
pathways [36]. However, the excess or lack of these elements can lead to distur-
bances in organisms, and in extreme cases, even death [37]. Other elements such
as mercury (Hg), lead (Pb), cadmium (Cd), and arsenic (As) are highly toxic even
when present in low concentrations, and account for most health problems due to
environmental pollution [38].

Heavy metals participate in the global ecobiological cycle, derived from numer-
ous sources and are dynamically transported through the atmosphere, soil, and
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water; also, because they are not biodegradable, they can remain in the environ-
ment for long periods [39].

Among the various metals, mercury, cadmium, and lead stand out for being
associated with contamination of the aquatic environment, which can cause
problems of poisoning to man and other organisms. These elements are capable of
reacting with molecules and ligands present in cell membranes, conferring them
with the properties of bioaccumulation, food chain biomagnification, persistence in
the environment, and metabolic disturbances of living beings [40].

4. Effects of heavy metals on biofilm

Biofilm is a porous and complex structure formed by one or more species of
microorganisms, organized in several layers irreversibly adhered to a biotic or
abiotic surface and enclosed in a matrix composed of extracellular polymeric
substances (EPS) [9].

They are formed dynamically and gradually, involving several stages. The first is
reversible bacterial adhesion that can occur on biotic surfaces mediated by molecu-
lar interactions or abiotic surfaces through physicochemical interactions. The
second is irreversible adhesion, where the adhesion process is consolidated through
the production of EPS. After the establishment and maturation of the protective
matrix in the irreversible phase, the cycle ends with the rupture of the biofilm and
the release of bacterial cells (Figure 1) [9, 41].

Bacteria in the form of free (planktonic) cells are not often found in nature;
most of them live in communities or attached to various biotic or abiotic surfaces,
such as clinical and industrial equipment. Several factors may contribute to bacte-
rial adhesion such as flagella, fimbriae, adhesin, and polymers, as well as adhesion
forces such as electrostatic and hydrophobic attraction, van der Waals interactions,
hydrogen bridges, and covalent bond [10].

Biofilm formation is an effective strategy for microbial survival and persistence
under stress conditions, such as in the presence of antimicrobials and heavy metals
[42]. The biofilm structure may be associated with a protective mechanism that
allows the bacteria to survive and persist in environments with high metal concen-
trations [43]. Studies have shown that subinhibitory heavy metal concentrations
can induce biofilm formation [44, 45], like lead [46], cadmium [47], and nickel
[48] among others.

Giovanella et al. [46] evidenced the increase in formation by an isolate of
Pseudomonas sp. in the presence of mercury (Hg”"). Similarly, Aratjo et al. [49]
verified an increase in biofilm formation in Klebsiella pneumoniae isolates obtained
from an impacted urban stream. However, other studies show that depending on
the metal and its concentration, biofilm formation may be reduced [50, 51]. These
differences may be related to the fact that the effects of metals depend on their
concentration and speciation [47, 51, 52], growth conditions, and especially the
bacterial isolate that is being exposed [53, 54].

Recent studies have shown that metals can affect various stages in biofilm forma-
tion and development [55]. Metals can impact cell surface adhesion and/or cell-to-cell
aggregation process, promoting biofilm formation and, consequently, its resistance.
Harrison et al. [56] verified that the increase in cadmium concentration induces cell
adhesion and biofilm formation in Rhizobium alamii YAS34. Subinhibitory concentra-
tions of manganese (Mn) and zinc (Zn) affected cell aggregation in Xylella fastidiosa
isolates. Mn increased the process of biofilm formation in this bacterium, while Zn
impaired this process probably by reducing cell adhesion on the surface [50, 57].
Perrin et al. [48] observed that some isolates of Escherichia coli K-12 formed biofilm
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in response to subinhibitory nickel (Ni) concentrations and that cells embedded in
the biofilm were less affected by metal exposure than planktonic cells. These studies
show that bacterial cells exposed to metals generally respond by inducing adhesion
processes, and consequently, biofilm formation and maintenance [55].

In addition to changes in cell adhesion, exposure to heavy metals may cause
structural changes in the biofilm extracellular polymeric substance (EPS) matrix.
Aratjo et al. [49] verified by scanning microscopy, the increase of EPS in K. pneu-
moniae biofilms formed when exposed to subinhibitory mercury concentrations
(Hg™"). Sheng et al. [58] also demonstrated that heavy metals stimulate EPS produc-
tion in Rhodopseudomonas acidophila. Schue et al. [59] observed in R. alamii isolates
the formation of a more condensed biofilm in the presence of subinhibitory concen-
trations of Cd when compared to isolates not exposed to this metal. The increase of
extracellular matrix in Thiomonas sp. subinhibitory concentrations of arsenic (III)
possibly contributed to biofilm integrity and physiological heterogeneity of immo-
bilized cell subpopulations [60].

In stabilized biofilm, the presence of metals impacts cells via passive processes by the
influence of gene expression, resulting in mechanisms of resistance or tolerance to these
pollutants [55]. Extracellular polymeric matrix (EPS) acts as a barrier to toxic metals,
which can be sequestered, immobilized, mineralized, and precipitated, diminishing
their effect on bacteria [61]. In Pseudomonas putida ATCC 33015, sugars present in the
biofilm matrix exposed to chromium (Cr) probably facilitated the immobilization
process of this metal [62]. The biomineralization process was described in Cupriavidus
metallidurans CH34, which was able to form gold (Au) nanoparticles in biofilm through
the reduction and precipitation mechanism of the toxic gold complex (AuIII) [63].

5. Heavy metal resistance

Environmental contamination by heavy metals has been increasing in recent
years, due to various anthropogenic activities. Heavy metals, because they are not
biodegradable, have a tendency for biomagnification and bioaccumulation and
are extremely toxic to various biological functions, causing serious impacts on the
environment and human health [64].

Microorganisms present in contaminated environments have developed differ-
ent resistance mechanisms to adapt to stress caused by heavy metals. The ability
to survive under these extreme conditions depends on acquired biochemical and
physiological attributes, as well as genetic adaptations [65].

Several studies suggest that metal contamination in the natural environment
may play an important role in maintaining and proliferating antimicrobial resis-
tance (Table 1) [67-69]. In the environment, selective pressure exerted by metals
may select resistant isolates similar to antibiotics, since both resistance genes are
often located on the same moving elements [70, 71].

Bacteria develop some mechanisms to neutralize mercury toxicity, the most
common being enzymatic reduction of the highly toxic mercuric ion (Hg**) to the
volatile and less toxic elemental mercury (Hg?). This reduction is catalyzed by
the cytosolic mercury reductase (MerA) enzyme encoded by a gene belonging to
the operon mer. Studies have shown the frequent association between operon mer
and antimicrobial resistance [66, 72]. Péres-Valdespino et al. [73] demonstrated
that several clinical isolates of Aeromonas sp. that presented the merA gene were
resistant to different antibiotics such as tetracycline, trimethoprim, nalixidic acid,
and streptomycin. Aradgjo et al. [49] verified, when comparing isolates of K. pneu-
moniae, that the isolate that presented the merA gene was resistant to the highest
number of antimicrobials and presented the minimum inhibitory concentration
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Resistance Heavy Antibiotics References

mechanisms metals

Reduction in As, Cu, Zn, Cip, Tet, Cholr, [32, 74]

permeability Mn, Co, Ag B-lactdmicos

Drug and metal As, Hg B-lactdmicos, Chlor [75, 76]

alteration

Drug and metal Cu, Co, Zn, Tet, Chlor, [77,78]

outflow Cd, Ni, As B-lactdmicos

Cell signaling change Hg, Zn, Cu Cip, p-lactdmicos, [79, 80]
Trim, Rif

Abbreviations: Cholr, chlovamphenicol; Cip, ciprofloxacin; Rif, rifampicin; Tet, tetracycline; Trim, trimetropim.
Adapted from Baker-Austin et al. [66].

Table 1.
Examples of characteristics and negative effects on metal and antibiotic vesistance mechanisms.

(MIC) value up to four times higher than the others, suggesting a co-resistance
mechanism for mercury and antimicrobials tested.

Martins et al. [81] observed that isolates of P. aeruginosa, obtained from a
contaminated river in southeastern Brazil, had a conjugative plasmid with co-
resistance to tetracycline and copper, reinforcing that resistance to antibiotics may
be induced by selective pressure of heavy metals in the environment. Caille et al.
[82] demonstrated that in P, aeruginosa, copper can induce imipenem resistance by
the CopR-CopS two-component regulatory system mechanism. Ghosh et al. [83]
verified resistance to ampicillin, arsenic, chromium, cadmium, and mercury in
Salmonella abortus equi isolates and observed that after removal of the plasmids,
isolates became sensitive to these compounds.

In order to corroborate the evidence of co-resistance of metals and antibiotics,
some studies compared the resistance profiles of bacteria collected in contaminated
and uncontaminated environments. Rasmussen and Sgrensen [84] demonstrated an
increase in the occurrence of conjugative plasmids at contaminated sites and found
that the mercury and tetracycline resistance genes were located on the same plas-
mid. Mcarthur and Tuckfield [85] examined metal and antibiotic resistance profiles
in contaminated and uncontaminated stream sediments and found that isolates
obtained from the contaminated sediment were more resistant to kanamycin and
streptomycin than the others.

Thus, not only the indiscriminate use of antibiotics but also environmental
contamination by heavy metals can pose risks and harm to human health, as resis-
tance genes can be transferred horizontally from environmental microorganisms to
human diners [66].

6. Conclusions

Increased urbanization and industrialization have contributed to heavy metal
contamination in aquatic ecosystems, modifying the structure and function of
microbial communities. The ability of microorganisms to survive under stress
conditions, such as in the presence of heavy metals, depends on structural and bio-
chemical attributes, as well as physiological and/or genetic adaptations. The studies
cited demonstrated that the presence of heavy metals influences at different stages
of biofilm formation. Additionally, the correlation between resistance to metals and
antimicrobials was demonstrated, showing the environmental impact that these
contaminants can cause in aquatic environments.
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Abstract

The biofilm lifestyle mode certainly represents one of the most successful
behaviors to facilitate bacterial survival in diverse inhospitable environments.
Conversely, the ability of bacteria to develop effective biofilms represents one of the
major obstacles in the fight against bacterial infections. In Pseudomonas aeruginosa,
the biofilm formation is intimately connected to the quorum sensing (QS) mecha-
nisms, a mode of cell-to-cell communication that allows many bacteria to detect
their population density in order to coordinate common actions. In this chapter,
we propose an overview (i) on P, aeruginosa QS mechanisms and their implication
in biofilm formation, and (ii) on natural products that are known to interfere with
these QS mechanisms, subsequently disrupting biofilm formation. The conclud-
ing remarks focus on perspectives of these compounds as possible antibiotherapy
adjuvants.

Keywords: biofilm, las, natural products, PQS, pseudomonas, quorum sensing, vkl

1. Introduction

Bacterial infections are mainly related to the ability of bacteria to invade and
disseminate through their hosts by using different types of motility, by releasing a
myriad of virulence factors, by building structured biofilm which lead to host cell
and tissue damage but also allow bacteria to evade the immune system and conven-
tional antimicrobial agents [1]. For decades, antibiotics, although less effective in
biofilm-growing bacteria [2], have represented our best weapon against bacterial
diseases. However, the on-going emergence and worldwide spreading of resistant
bacteria is considerably reducing the antibiotic pallet available for the treatment of
bacterial infections [3]. This alarming situation forces researchers to consider other
strategies to combat bacterial infections, notably the use of phages [4] or the use of
alternative agents, such as essential oils [5], silver nanoparticles [6], bacteriocins
[7], and antimicrobial peptides [8]. Some interesting strategies propose original
compounds that disrupt biofilm formation without affecting the viability of invad-
ing bacteria; this strategy is expected (i) to reduce the bacterial aptitude to build
protective barriers, but without exerting a selective pressure per se [4]; (ii) to allow
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sufficient time for the immune defenses to effectively destroy invaders; and (iii) to
minimize the use of effective antibiotics.

In most bacteria, the expressions of virulence factors are coordinated by
quorum sensing (QS) mechanisms, a cell-to-cell communication which allows
bacteria to detect their population density by producing and perceiving diffusible
signal molecules to synchronize common actions [9]. This cell-to-cell communica-
tion has been largely investigated in Pseudomonas aeruginosa, an opportunistic
pathogen which mainly affects people who are severely immunocompromised,
in part due to its ability to evade from both innate and acquired immune defenses
through adhesion, colonization, and biofilm forming and to produce various
virulence factors that cause significant tissue damage [10, 11]. In this bacterium,
QS regulates virulence factors production, motilities and, in particular, biofilm
formation for which QS is one of the relevant key actors. Interestingly, within the
two past decades, study papers reporting natural and synthetic compounds that
interfere with QS and/or biofilm formation are regularly published; QS circuitry
and biofilm formation control mechanisms indeed constitute promising targets to
struggle against P. aeruginosa infection with potential huge clinical interests [12].
The present chapter covers the scope of natural compounds from both prokaryote
and eukaryote organisms that have been identified to disrupt the biofilm lifestyle
cycle in P, aeruginosa via modulation of QS mechanisms. An overview of the
entanglement between QS circuitry and biofilm formation is reported as a prereq-
uisite for a better understanding of the mechanisms of action proposed for some
of the identified compounds. The concluding remarks focus on the perspectives of
these compounds as possible antibiotherapy adjuvants for possible eradication of
resistant infections caused by P. aeruginosa.

2. P. aeruginosa biofilm lifestyle

Like most bacteria, P. aeruginosa can develop two distinct lifestyles, planktonic
and sessile cells. The planktonic state is encountered when P. aeruginosa evolves
freely in a liquid suspension, whereas on natural or synthetic surfaces, P. aeruginosa
can form sticky clusters in permanent rearrangements characterized by the secre-
tion of an adhesive and protective matrix [13]. Defined as “biofilm,” this set of
bacterial community adherent to a surface appears as an adaptive response to an
environment more or less unsuited to growth in planktonic form [14].

The biofilm formation can be delimited in five main stages (Figure 1, image A).
A first reversible phase corresponds to the initial adhesion of bacteria to surfaces;
this adhesion becomes irreversible in the second stage (image B). Then, thanks
to a proliferation period corresponding to the third stage, microcolonies are built
concomitantly with the production of extracellular matrix (image C), leading to the
fourth stage of biofilm structuration and organization in which the growth of three
dimensional communities is observed with amplified extracellular matrix produc-
tion (image D). This biofilm cycle is completed by a dispersion step (image E) [12].

The secreted extracellular matrix mainly consists of proteins, nucleic acids,
lipids, and exopolysaccharides (EPS). These account for 50-90% of total organic
matter [16]. P aeruginosa produces at least three types of EPS that are required
for biofilm formation and architecture [17]. (i) Alginate a linear polysaccharide
composed of L-guluronic and D-mannuronic acids linked by $-1,4 bonds [18], (ii)
Pel polysaccharide, a glucose-rich matrix material, with unclarified composition,
and (iii) Psl polysaccharide, a repeating pentasaccharide consisting of D-mannose,
L-rhamnose, and D-glucose. In mucoid strains, EPS are predominantly character-
ized by the presence of alginate. The alginate participates in the structuring of the
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Figure 1.

Sketch of the different steps of a biofilm development (A) [15]. Several representative scanning electron
microscopy (SEM-JEOL JSM-7200F) images of the P. aeruginosa biofilm at different steps of development
and with different magnifications (B = reversible and irreversible stages at 8 h growth, C = microcolonies
stage at 30 h growth, D = mature biofilm stage at 120 h growth, and E = dispersion stage at 144 h growth).
P. aeruginosa PAO1 colonies were grown at 37°C with Centers for Disease Control and Prevention (CDC)
biofilm veactor (biosurface technologies, MT) on tryptone soy broth (TSB).

biofilm [19], but its real importance is still controversial since some authors claim
that it is not essential; indeed architecture and antibiotic resistance profiles of
wild-type and alginate-deficient biofilms are identical [20, 21]. Nevertheless, the
overexpression of alginate was shown to protect P. aeruginosa from phagocytosis
and host responses [22]. In “nonmucoid” P, aeruginosa strains, such as the PAO1
strain isolated from an infected wound [23], alginate is even considered poorly
produced at the expense of exopolysaccharides rich in glucose and mannose [24],
Pel and Psl, which have been described as being more important in the formation
and maintenance of the biofilm [25].

Extracellular DNA (eDNA) is an important component of P. aeruginosa biofilm
matrix, which particularly intervenes in the establishment, maintenance, and
perpetuation of structured biofilms [26]. Its importance has been demonstrated
since P. aeruginosa biofilm formation is prevented by exposition to DNase I [27]
and biofilms that are deficient in eDNA have been shown to be more sensitive to
the detergent sodium dodecyl sulfate [28]. It has been established that eDNA plays
roles in bacterial adhesion and in the structural stability of biofilms by maintain-
ing coherent cell alignments [29]; interestingly, its contribution to antimicrobial
resistance has also been proposed as eDNA, a highly anionic polymer, is believed to
bind cationic antibiotics, such as aminoglycosides and antimicrobial peptides [30].

3. QS mechanisms and their implication in biofilm formation

The complex regulation of biofilm formation involves multiple bacterial
machineries including the QS systems. In P. aeruginosa, this mechanism is involved
in the development of various common bacterial behaviors, including virulence
factors expression and biofilm formation, which are mostly implicated in infection
success. Three QS systems have been clearly characterized: (i) the las system and
the vhl system, two LuxI/R type systems using the signal molecules of the family
of acyl-homoserine lactones (AHLs); and (ii) the PQS (pseudomonas quinolone
signal) system based on molecules of the 2-alkyl-4-quinolone class [10, 31]. The
mechanisms of QS in P. aeruginosa are summarized in Figure 2 while the main
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functions regulated by QS systems and involved in the pathogenesis of P. aeruginosa
are presented in Figure 3.

Evidence that the [as system is implicated in biofilm formation has been firstly
established when Davies et al. [32] demonstrated that the biofilm formed by lasI
mutant appears flat, undifferentiated, and quickly dispersed from the surface upon
exposure to sodium dodecyl sulfate, compared to wild type biofilms.

Furthermore, Gilbert et al. [33] observed the binding of the QS regulator LasR
to the promoter region of the psl operon, suggesting that the psl expression may be
regulated by the QS. Considering that the psl operon is implied in biofilm modula-
tion, the QS then plays a role in the biofilm formation and architecture. The tran-
scription of the pel operon seems to be reduced in 74/I mutant, suggesting that the
rhl system plays a biofilm formation role in P. aeruginosa by modulating the biosyn-
thesis of the Pel polysaccharide [34]. The pgsA mutant produces a biofilm with less
eDNA than the wild type biofilm, suggesting that the PQS system also plays a role in
biofilm formation, more particularly in the eDNA releasing [34].

Notably, the production of rhamnolipids and lectins is under QS control, indi-
cating a further indirect link between biofilm formation/degradation and QS.

Indeed, the rhl system controls the production of rhamnolipids [35], that play
multiple roles in P. aeruginosa biofilm formation: (i) as biosurfactant and viru-
lence factor [36]; (ii) in the formation of microcolonies [37]; (iii) in the main-
tenance of open channel structures necessary for nutrient circulation [38]; (iv)
in the development of biofilm mushroom-shaped structures [37]; and (v) in cell
dispersion from the biofilm [39]. Indeed, a hyper-detaching property has been
observed in the P. aeruginosa mutants that produce more rhamnolipids compared
to wild type strains [40]. Moreover, the vl system also controls the expression
of the cytotoxic virulence factors LecA and LecB. Data obtained on mutant
strains indicate that these galactophilic lectins probably contribute to the biofilm
development [41, 42]. Similarly, two types of P. aeruginosa motilities implicated in
biofilm formation are also QS-regulated. The first movement, swarming motil-
ity, accomplishes an organized surface translocation, dependent on cell-to-cell
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Figure 2.

Systems involved in P. aeruginosa QS circuitry. The main QS systems in P. aeruginosa are the las, rhl, and
PQS systems. The las system consists of a lasR regulatory gene coding for the LasR protein, a lasl gene coding for
a LasI synthase involved in the synthesis of a signal molecule of the acyl-homoserine lactone (AHL) family, the
3-0x0-C12-HSL. The LasR/3-ox0-C12-HSL complex is a transcriptional activator of virulence genes (protease,
elastase, and exotoxin) and lasl gene. According to the same model, the rhl system consists of thIR, rhll genes,
and another AHL, the C4-HSL. This system activates genes in common with the las system and also specific
genes, such as those coding for the synthesis of rhamnolipids, pyocyanin, and swarming/twitching motilities.
The las system controls the rhl system. The third PQS system is interposed between the two main systems. The
PqsABCDE operon produces the precursor 2-heptyl-4-quinolone (HHQ ), and PqsH catalyzes conversion of
HHQ to 2-heptyl-3-hydroxy-4-quinolone (PQS), detected by the receptor PqsR [10, 31].
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Functions positively regulated by QS in P. aeruginosa [10, 31].

contacts and extensive flagellation [43]; this has been observed during the first
stage of P. aeruginosa biofilm development and seems to be regulated by the rhl
system [44]. Flat and uniform biofilms are formed when the strains grow under
conditions promoting swarming motility, for example, a growth medium with
glutamate or succinate as carbon sources; by contrast, a biofilm without conflu-
ent cell aggregates is formed by strains with limited swarming motility [45]. The
second movement, a flagella-independent form of translocation, is described

as a successive extension and retraction of polar type IV pili [46]. This kind of
movement, regulated by the 7kl system on a Fe-limited minimal medium [47], is
necessary to assemble bacteria in monolayers that form microcolonies [38].

4. Other mechanisms implied in biofilm formation

The QS systems are not the sole key actors intervening in biofilm formation by P
aeruginosa. Indeed, the complex regulation of biofilm formation involves multiple
bacterial machineries that also include the membrane-bound sensor kinase GacS,
the transcriptional response regulator GacA (GacS/GacA two-component regula-
tory system), and the intracellular second messenger bis-(3’-5')-cyclic dimeric
guanosine monophosphate (c-di-GMP). Briefly, the GacS/GacA system acts as a
super-regulator of the las and vkl systems [48], whereas c-di-GMP is important
for the biosynthesis of alginate and Pel polysaccharides and for the switch from
planktonic to biofilm lifestyle [49].

5. Natural products that affect QS and biofilm formation by Pseudomonas
aeruginosa
5.1 From prokaryotes
5.1.1 Enzymes
Microorganisms known to have the ability to produce anti-QS enzymes are
still limited to a few bacteria from the families of (i) Actinobacteria (Rhodococcus

and Streptomyces); (ii) Firmicutes-Arthrobacter (Bacillus and Oceanobacillus); (iii)
Cyanobacteria (Anabaena); (iv) Bacteroidetes (Tenacibaculum); (v) Proteobacteria
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(Acinetobacter, Agrobacterium tumefaciens, Alteromonas, Comomonas, Halomonas,
Hyphomonas, Klebsiella pneumoniae, P. aeruginosa, Ralstonia, Stappia, and
Variovorax paradoxus) [50-56].

Four types of enzymes are known to degrade AHLs [57, 58], a phenomenon
sometimes described as “quorum quenching” (QQ) [59]; these include AHL-
lactonases and decarboxylases that attack the lactone ring (Bacillus indicus, B.
pumilus, and B. sp. SS4 cause significant inhibition of QS-dependent activities in
Gram-negative bacteria such as P aeruginosa PAO1, Serratia marcescens, and Vibrio),
AHL-acylases that cleave the acyl side chain (B. pumilus S8-07 degrades 3-oxo-C12-
HSL into the corresponding lauric acid [60]), and deaminases that separate the lac-
tone ring from the acyl side chain. Recently, lactonases and acylases were identified
in Erythrobacter, Labrenzia, and Bacterioplanes found in Red Sea sediments; these
both degrade AHLs of different acyl chain lengths, particularly the 3-oxo-C12-HSL,
and inhibit the formation P, aeruginosa PAO1 biofilm [59].

Mycobacteroides abscessus subspecies, emerging pathogens, are capable of degrading
both PQS and HHQ. M. abscessus subsp. abscessus, in coculture with P aeruginosa PAO1,
reduced PQS levels through a PQS dioxygenase (encoded by the aqdC gene), M. absces-
sus subsp. massiliense, a recombinant strain overexpressing the aqdC gene, reduces the
level of the virulence factors pyocyanin, pyoverdine, and rhamnolipids, suggesting
that AqdC is a QQ enzyme [61]. Its impact on biofilm formation would have been inter-
esting to investigate as another dioxygenase, the 2-alkyl-3-hydroxy-4(1H)-quinolone
2,4-dioxygenase (HodC), was described to cleave PQS, attenuate the production of
virulence factors but conversely increase the viable biomass, in both newly formed and
established biofilms, by increasing iron availability [62].

5.1.2 Organic acids

The acetic and phenyl lactic acids, found in the supernatant of probiotic strains
Lactobacillus paracasei subsp. paracasei CMGB isolated from newborn feces, were
shown to inhibit, at nonbacteriostatic/bactericide levels, the expression of QS genes
in P aeruginosa, preventing adherence of bacteria to an inert substratum [63, 64].
Similarly, the lactic acid produced by a potential probiotic Pediococcus acidilactici
M7 strain, also isolated from newborn feces, inhibits the production of P. aerugi-
nosa short-chain AHLs, elastase, protease, pyocyanin, and biofilm as well as the
swarming-swimming-twitching motilities [65].

5.2 From fungi
5.2.1 Antibiotics and mycotoxins

Penicillin produced by Penicillium spp. has been shown to be effective in control-
ling a bacterial infection. Recently, about 33 Penicillium spp. have been recognized
as producers of QS inhibitors such as the small lactone mycotoxins patulin and
penicillic acid. The use of patulin can significantly reduce lung infection caused
by P. aeruginosa on a mouse model. Interestingly, a synergy has been shown in vitro
between patulin and tobramycin toward P, aeruginosa PAO1 biofilms, whereas
patulin alone does not affect the development of biofilm [66]. Although the anti-
infective property of patulin has been demonstrated, its genotoxicity and potential
carcinogenic properties [67] probably preclude clinical applications.

Erythromycin, a macrolide antibiotic isolated from Saccharopolyspora erythraea, has
been recently demonstrated to reduce virulence factors in P. aeruginosa PAO1, includ-
ing various motilities, biofilm formation, and production of rhamnolipids, total pro-
tease, elastase, and pyocyanin at nonmicrobicidal level (1.6 pg/mL) [68]. Comparably,
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the erythromycin derivate, azithromycin, shows a strong P, aeruginosa QS and biofilm
inhibitory effect [69-71] with inhibition of alginate synthesis [69], a reduction of each
type of bacteria movement [72] and a diminution of gacA gene expression [73]. At
weak antibiotic concentration (2 pg/mL), a biofilm inhibition is observed, probably
explained by a lower production of both AHL signal molecules, C4-HSL and 3-oxo-
C12-HSL, and of virulence factors [74-76].

5.2.2 Alkylcyclopentanone

Recently, Kim et al. [77] indicated that the alkylcyclopentanone terrein,
isolated from Aspergillus terreus, reduced virulence factors (elastase, pyocyanin,
and rhamnolipids) and biofilm formation via antagonizing QS receptors without
affecting P. aeruginosa cell growth. Beyond a negative impact on the production of
QS signaling molecules and expression of QS-related genes, terrein also reduced
c-di-GMP levels, an important secondary messenger for the switch from plank-
tonic to biofilm lifestyle mode, by decreasing the activity of a diguanylate cyclase
required for c-di-GMP biosynthesis [78].

5.3 From Plants
5.3.1 Derivatives of shikimic acid, phenols, and polyphenols

Many phenolic compounds and derivatives with anti-QS and antibiofilm activi-
ties have been isolated from plants [79]. Cinnamaldehyde [the dominant compound
of certain essential oils, in particular Cinnamomum camphora (L.) J. Presl] and its
derivatives modulate a wide range of anti-QS and antibiofilm activities of P, aeruginosa
[80-82]. Curcuma longa L. produces curcumin, which inhibits the expression of
virulence genes of P. aeruginosa PAO1 [83].

Ellagic acid derivatives from Terminalia chebula Retz. downregulate lasIR and
rhlIR genes expression and decrease AHLs production, leading to an attenuation
of virulence factor production and to an enhanced sensitivity of biofilm facing a
tobramycin treatment [84].

Flavonoids have been investigated for their roles as QS modulating compounds.
From these, naringenin and taxifolin reduced the expression of several QS-controlled
genes (i.e., lasl, lasR, vhil, vhiR, lasA, lasB, phzA1, and vhlA) in P, aeruginosa PAO1.
Similarly, the flavan-3-ol catechin, extracted from the bark of Combretum albiflorum
(Tul.) Jongkind, reduces the production of QS-dependent virulence factors, such
as pyocyanin, elastase, and the formation of biofilm by P. aeruginosa PAO1 [85].
Interestingly, baicalin, an active natural compound extracted from the traditional
Chinese medicinal Scutellaria baicalensis, has been demonstrated to inhibit the forma-
tion of P aeruginosa biofilms and enhance the bactericidal effects of antibiotics such
as amikacin. Moreover, at sub-minimal inhibitory concentration (256 pg/mL), this
flavonoid has been shown to reduce LasA protease, LasB elastase, pyocyanin, rham-
nolipids, and exotoxin A production and to downregulate the three QS-regulatory
genes, including las, lasR, vhll, rhiIR, pqsR, and pgsA [86]. Consistently, in vivo
experiments indicated that baicalin treatment reduces P, aeruginosa pathogenicity in
Caenorhabditis elegans and enhances the clearance of P, aeruginosa from the peritoneal
implants of infected mice.

Furocoumarins from grapefruit can inhibit the QS signaling (AHLs and AI-2) of
V. harveyi BB886 and BB170 strains as well as biofilm formation in pathogens such
as E. coli 0157:H7, Salmonella typhimurium and P. aeruginosa [87]. These purified
furocoumarins (dihydroxybergamottin and bergamottin), tested at the concentra-
tion of 1 pg/mL, cause 94% inhibition of autoinducers (AHLs) without affecting
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bacterial viability. Biofilm inhibition was up to 58.3 and 72%, respectively, for E. coli
0157:H7 but modest for P. aeruginosa (27.3 and 18.1%, respectively).

Malabaricone C, a diarylnonanoid isolated from the bark of Myristica cinnamo-
mea King inhibited the QS-regulated pyocyanin production and biofilm formation
in P aeruginosa PAO1 [88].

A screening of various herbs revealed that a clove extract [Syzygium aromaticum
(L.) Merr. Et Perry] inhibits QS-controlled gene expression (las and PQS systems)
in P aeruginosa with eugenol as major active constituent [89]. Recently, the effects
of eugenol and its nanoemulsion on P, aeruginosa QS-mediated virulence factors and
biofilm formation have been identified by Lou et al. [90] ata 0.2 mg/mL concentra-
tion. Similarly, the anthraquinone emodin from Rheum palmatum L., a traditional
Chinese medicinal plant, was found to inhibit the P. aeruginosa biofilm formation at
20 pM, increasing the antibiotic activity of ampicillin [91]. Finally, the 6-gingerol,
isolated from fresh ginger oil, reduces the production of several virulence factors,
decreasing the mortality induced in mice by P, aeruginosa. A DNA microarray analysis
revealed that the application of the 6-gingerol on biofilm-encapsulated cells down-
regulates several QS-related genes, notably those involved in the production of rham-
nolipids, elastase, pyocyanin, all of which are involved in biofilm formation [92].

5.3.2 Alkaloids

Recently, caffeine (a purine alkaloid) has been shown to inhibit AHLs pro-
duction and swarming mobility in P. aeruginosa PAO1 without causing AHLs
degradation [93].

5.3.3 Terpenoids and Triterpenoids

The pentacyclic triterpenoid ursolic acid was identified as an inhibitor of biofilm
formation from Diospyros dendo Welw, the tree used for ebony from Gabon, Africa
[94]. Tested at a dose of 10 pg/mL, ursolic acid reduces biofilm formation by 79%
in E. coli and 57-95% in V. harveyi and P, aeruginosa PAOL. Similarly, oleanolic acid
inhibits the in vitro biofilm formation by S. aureus and P. aeruginosa [95]. However,
these triterpenoids showed no inhibitory effect on QS mechanisms contrarily to
triterpenoid coumarate esters isolated from Dalbergia trichocarpa, a tropical legume
from Madagascar. Indeed, oleanolic aldehyde coumarate at 200 pM inhibits the
formation/maintenance of P. aeruginosa PAO1 biofilm and the expression of the
las and rhl QS systems as well as gacA gene [96]. Consequently, the production of
QS-controlled virulence factors, including, rhamnolipids, pyocyanin, elastase,
and extracellular polysaccharides, as well as twitching and swarming motilities is
reduced. Other African plants harbor terpenoids and triterpenoids with antiviru-
lence properties. Indeed, cassipourol and p-sitosterol (both at 100 pM), isolated
from Platostoma rotundifolium (Briqg.) A. J. Paton, a Burundian medicinal plant,
inhibit quorum sensing-regulated and -regulatory gene expression in las and vkl
systems. These triterpenoids can still disrupt the formation of biofilms at concen-
trations down to 12.5 and 50 pM [97].

5.3.4 Isothiocyanates and organosulfur compounds

Isothiocyanates produced by many plants are also QS inhibitors in P. aerugi-
nosa PAOL. For example, iberin, isolated from horseradish (Armoracia rusticana
G. Gaertn et al.), specifically blocks the expression of QS-regulated genes in P aeru-
ginosa PAOL1 at the concentration of 100 uM; its impact on biofilm formation has not
been investigated [98]. Sulforaphane and erucin, two isothiocyanates isolated from
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broccoli, inhibit the P. aeruginosa PAO1 las and rhl system as well as biofilm forma-
tion at concentrations of 50 and 100 pM, respectively [99].

A further compound known to affect the QS-regulated genes in P. aeruginosa,
including the rhamnolipids production, is ajoene, an allyl sulfide isolated from
Allium sativum L. Ajoene, at the concentration of 100 pg/mL and combined with
the antibiotic tobramycin, leads to killing of biofilm-encapsulated P. aeruginosa. In
a mouse model of pulmonary infection, this synergy improves the clearance of P
aeruginosa from lungs [100]. The S-phenyl-L-cysteine sulfoxide and its derivatives,
notably diphenyl disulfide, have shown a significant impact on the biofilm forma-
tion by P. aeruginosa [101]; the sulfoxide derivative seems to interfere with both las
and 7kl systems whereas the diphenyl sulfide only disturbs the las system.

5.4 From marine organisms
5.4.1 Furanones

A series of studies have indicated that marine organisms are a potential source
of anti-QS [102-104]. The halogenated furanones produced by the red alga Delisea
pulchra inhibit QS-induced activities in bacteria by competing with AHL signals
related to their receptor site (LuxR) [104]. This protein-ligand binding is destabi-
lized, causing rapid receptor recycling [102]. Inspired from natural compounds, the
halogenated furanones C-30 and C-56 have been demonstrated to exhibit biofilm
reduction and target the las and k! systems in P. aeruginosa [105].

5.4.2 Terpenoids

Following a screening of 284 extracts from the marine sponge Luffariella
variabilis, 36 extracts were revealed as inhibitors of P. aeruginosa QS, targeting
the las system [103]; from these, the sesterterpenoids manoalide displays anti-
biofilm activities. Note that this molecule does not generate bactericidal effects
on P, aeruginosa [103], but presents an antibiotic activity against Gram-positive
bacteria [106].

5.5 From animals and human
5.5.1 Enzymes

Type I porcine kidney acylase inactivates QS signals such as C6-HSL and 3-oxo-
C12-HSL but not C4-HSL [50]. This type I acylase moderately reduces biofilm
formation in Aeromonas hydrophila, P. putida, and probably P. aeruginosa [107]. This
degradation is dependent on the length of the acyl chain, since only C6-HSL and
3-0x0-C12-HSL are degraded [108].

Mammalian cells release enzymes called paraoxonases 1 (extracted from human
and murine sera) that have lactonase activity; degrading P. aeruginosa AHLs. They
prevent, in an indirect way, QS and biofilm formation [109]. Similarly, human
epithelial cells and particularly human respiratory epithelia have the capacity to
inactivate a P, aeruginosa QS signal by inactivating AHLs (3-oxo-C12HSL) pro-
duced by P, aeruginosa [108, 110]. However, the enzyme or enzyme-like compound
involved in acyl-homoserine lactone inactivation have not been identified and
characterized yet. Recently, Losa et al. [111] demonstrated that polarized airway
epithelial monolayers, in contrast to nonpolarized cells, are also able to degrade
3-0x0-C12-HSL using membrane-associated paraoxonase 2 that catalyzes the
opening of the lactone ring.
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5.5.2 Alkaloids

The P, aeruginosa pyocyanin production is inhibited by a molecule found and iso-
lated from the ant Solenopsis invicta, the piperidine alkaloid Solenopsin A alkaloid.
The biofilm formation is also reduced in a dose-dependent manner. This molecule
probably disrupts the signals from the 7kl system [112].

6. Concluding remarks

This review presents natural compounds reported to exhibit anti-QS and anti-
biofilm properties against P. aeruginosa (summarized in Table 1); these highlight
the great potentiality of living organisms as reservoir of compounds susceptible
to modulate virulence mechanisms without affecting bacterial viability. Overall,
it appears that prokaryotes as well as animals and humans are sources for enzymes
that degrade or antagonize AHLs, whereas plants harbor larger panels of anti-QS
and antibiofilm compounds with very diverse chemical structures, including
alkaloids, organosulfurs, phenolics, and terpenoids. Contrarily to animals and
humans, plants are not able to deploy elaborate defense through humoral and
cell-mediated immunity (antibodies and phagocytes) to struggle against bacte-
rial invasions [113]. Plants immune defenses rely on the secretion of antibacterial
compounds (bactericide and/or bacteriostatic agents [114]), including resistance
modulating compounds [115] (e.g., inhibitors of efflux pumps [116]), and mostly
on their ability to recognize molecules released from pathogens through plant cell
surface receptors. This recognition triggers specific signaling cascades, activating
series of defense responses, including the synthesis of antimicrobial lytic proteins,
enzymes, phytoalexins, and other secondary metabolites. Some of these exert
nonmicrobicidal antivirulence properties [117, 118]. Finally, marine organisms and
fungi produce also bioactive secondary metabolites (halogenated furanones and
antibiotics, respectively) and other original and promising compounds, such as
terrein which was identified as the first dual inhibitor of QS and c-di-GMP signal-
ing at 30 pM.

The increasing presence of antibiotic-resistant bacteria certainly pushes scien-
tists to reorient the strategy of fight against bacterial infections to defer entry into
a post-antibiotic era where major antibiotics would not be effective even for banal
infections. Antivirulence approaches and antivirulence drugs are being increasingly
considered as potential therapeutic alternatives and/or adjuvants to currently fail-
ing antibiotics. For example, oleanolic aldehyde coumarate and cassipourol, anti-QS
compounds, exert interesting antibiofilm properties, restoring the effectiveness
of the antibiotic tobramycin in the clearance of biofilm-encapsulated P, aeruginosa
(Figure 4); also the association between biofilm formation and antimicrobial
resistance has been highlighted in carbapenem-resistant P. aeruginosa [119]. Such
nonmicrobicidal drugs inhibit virulence factors essential for establishing infection
and pathogenesis through targeting nonessential metabolic pathways which should
not lead to activation of bacterial evasion mechanisms. This approach should
reduce the selective pressure and consequently could slow down the development
of resistance. Compounds that target QS may be particularly interesting as they
impact planktonic and biofilm lifestyles, by reducing at the same time the produc-
tion of virulence factors and the generation of biofilms. This should lead to less
severe infections at levels that can be cleared by the host’s immune defense and with
increased activity of antibiotics.

Despite these important prospects, however, the big breakthrough in anti-
bacterial strategies is still out of reach. This is probably due to a very complex

44



Natural Compounds Inhibiting Pseudomonas aeruginosa Biofilm Formation by Targeting...
DOI: http://dx.doi.org/10.5772/intechopen.90833

Origin Compounds (class) Target (QS) Synergy
with
antibiotics

Prokaryotes Bacillus indicus, B. AHL-acylase (Enzyme) AHL NC
pumilus, B. sp. [60]; degradation

Erythrobacter, Labrenzia, AHL-lactonase (Enzyme) NC

Bacterioplanes [59]

Lactobacillus paracasei Acetic acid, lactic acid, AHL NC

subsp. Paracasei [64]; phenyl lactic acid antagonist

Pediococcus acidilactici

M7 [65]

Fungi Penicillium species [66] Penicillic acid (Furanone) LasR and NC
RhIR
Patulin (Furopyranone) LasR and +1
RhIR'

Saccharopolyspora Erythromycin (Macrolide) vhi system NC

erythraea [68] and GacA

Aspergillus terveus [77] Terrein LasR and NC

(alkylcyclopentanone) RhIR
antagonist;
c-di-GMP
marine Delisea pulchra halogenated furanones and AHL 4+
organisms [102, 104] derivative antagonist

Luffariella variabilis Manoalide (Sesterterpenoid) las system NC

(Polejaeff, 1884) [103]

Plants Platostoma rotundifolium Cassipourol (terpenoid), las and rhl +

(Brig,) A, J, Paton [97] p-sitosterol (terpenoid) systems

Combretum albiflorum Catechin (Flavonoid) las and vhl NC

(Tul.) Jongkind [85] systems

Dalbergia trichocarpa Oleanolic aldehyde las and rhl 4+

Baker. [96] Coumarate (Phenolic systems

compound)

Allium sativum L. [100] Ajoene (Organosulfur) las and rhl +1

systems

Armoracia rusticana Iberin (Isothiocyanate) las and vhl NC

G. Gaertnetal. [98] systems

Terminalia chebula Retz. Ellagic acid derivatives las and rhl 4

[84] (Phenolic compound) systems

Syzygium aromaticum Eugenol (Phenylpropanoid) las and PQS NC

(L.) Merr. Et Perry systems

[89,90]

Curcuma longa L. [83] Curcumin (Phenolic AHLs NC

compound) inhibition

Citrus paradisi Macfad. Bergamottin and AHLs NC

(Rio Red and Marsh dihydroxybergamottin inhibition

White grapefruits) [87] (Furocoumarins)

Rheum palmatum L. [91] Emodin (Anthraquinone) docking +

traR’

Scutellaria baicalensis Baicalin (Flavonoid) las, vhl and +

Georgi. [86] PQS systems

Zingiber officinale Rosc. 6-gingerol (Phenolic docking NC

[92] compound) lasR
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Origin Compounds (class) Target (QS) Synergy
with
antibiotics

Animalsand Porcine kidney Type I acylase AHL NC
Human [50, 107] degradation

Human and murine Paraoxonases 1 Enzyme AHL NC

sera [109, 110] (lactonase) degradation

Solenopsis invicta Solenopsin A (Alkaloid) vhl system NC

(insect; ant) [112]

+, yes; NC, not communicated.

'Patulin alone does not affect the development of biofilm.
"LuxR-type transcription factor of Agrobacterium tumefaciens.
 Aminoglycosides.

2Ampicillin.

Table 1.
Natural compounds inhibiting P. aeruginosa QS and biofilm formation.

One-day old biofilm

Two-day old biofilm

Figure 4.

P. geruginosa biofilm phenotypes and effectiveness of tobvamycin treatment in presence of dimethyl sulfoxide
(DMSO 1% ) ov, cassipourol (CAS: 100 uM) or oleanolic aldehyde coumarate (OALC: 200 uM). (a) After

1 day of incubation, P. aeruginosa fails to form structured confluent aggregate in presence of CAS or OALC as
compared to DMSO treatment. (b) CAS and OALC considerably increase the susceptibility of P. aeruginosa
to tobramycin (100 ug/mL), as shown by the increased proportion of dead cells compared with DMSO. Similar
results are observed when tobramycin is added simultaneously with CAS or OALC to one-day old untreated
biofilms. The bacterial viability was assessed by staining the cells with SYTO-9 (green areas zones—live living
bacteria) and propidium iodide (ved areas zones—dead bacteria) furnished in the LIVE/DEAD BacLight
kit. Cells were visualized using a LeicaDMIRE?2 inverted fluorescence microscope using equipped with a 40x
objective lens and colored images were assembled using Adobe Photoshop.

entanglement between different QS systems, to the ability of Pseudomonas to
compensate deficient systems and to the intervention of key actors involved

in biofilm formation, outside of QS circuitry [12]. Millenia of coevolution
between plants and bacteria have led to complex defense strategies, with plants
producing cocktails of bioactive compounds with multiple targets [114] and/

or compounds such as terrein that impact dual inhibitory targets. In the current
state of research, much remains to be done in understanding these mechanisms
and the real impact of such combinations before arriving at a commercial use.
Nevertheless, following a combined approach for “adjuvant antibiotherapy”
and “combined antibiotherapy” will undeniably lead to a renewed concept of
“complex drugs for complex diseases,” a well-known presupposed in traditional
medicines [120].
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Abstract

Biofilm is a complex matrix consisting of extracellular polysaccharides, DNA,
and proteins that protect bacteria from a variety of physical, chemical, and biologi-
cal stresses allowing them to survive in hostile environments. Biofilm formation
requires three different stages: cell attachment to a solid substrate, adhesion, and
growth. The inhibition of one of these steps by small molecules, such as antimicro-
bial peptides, or their action on specific targets will leave pathogens armless against
classical antibiotics. Any drug impairing crucial processes for bacterial life will
inevitably lead to the development of drug-resistant strains, whereas the inhibition
of biofilm formation might prevent the onset of bacterial resistance. In this sec-
tion, we will focus on proteins involved in biofilm formation as useful targets for
the development of new drugs that can effectively and specifically impair biofilm
formation with slight effects on cell survival, thus avoiding the generation of drug-
resistant strains.

Keywords: bacterial biofilms, biofilm inhibition, antimicrobial peptides,
protein target, mechanism of action

1. Introduction

Microorganisms have the extraordinary ability to live in almost all environments
and to protect themselves from external agents through sophisticated survival
mechanisms. Bacteria can be found in planktonic form or in specific conditions, as
sessile aggregates on both biotic and abiotic surfaces originating complex structures
known as biofilm.

Biofilms are an ensemble of microbial cells irreversibly associated with a surface
and enclosed in an essentially self-produced matrix. The biofilm matrix consists of
polysaccharides, proteins, and DNA and constitutes a stubborn source that protects
bacteria from a variety of physical, chemical, and biological stresses. One of its
characteristics is the capability to impair antimicrobial molecules to spread through
the polymer matrix or the ability of the matrix material to inactivate antibacterial
molecules. Today, the increase and spread of antibiotic resistance among micro-
organisms (bacteria, fungi, viruses, and parasites) represent one of the greatest
emergencies for human health worldwide [1]. Based on these characteristics,
biofilm plays crucial roles in humans and nonhuman infections and represents the
most important adaptive mechanism closely related to pathogenicity.
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An antibiofilm agent must display several specific characteristics to target the
biofilm lifestyle. First, due to the temporal biofilm heterogeneity, it must show a
rapid killing ability to face a changing entity and to target cells before their entry
into the biofilm community; it must be able to act in different environmental niches
and to target different growth rate cells. The cells located in the periphery of biofilm
are directly in contact with nutrients and oxygen, while those placed deepest in
the biofilm layers may undergo lack of nutrients, anoxia, and acidic conditions. In
this way, a metabolic and spatial heterogeneity is generated including both rapidly
and slowly growing cells. In particular, due to environmental conditions, inside
the biofilm, it is possible to find the so-called persister, dormant, quiescent cells
characterized by a low rate of cell division that are believed to play an essential
role in the biofilm resistance to antibiotics [2]. Other important characteristics for
a good antimicrobial candidate are the ability to interfere with the production of
the extracellular matrix and the possibility to penetrate the biofilm architecture.
This matrix consists for 90% of EPS, whose principal components are proteins,
polysaccharides, lipids, and extracellular DNA, and it is involved into the biofilm
architecture maintenance. An antibiofilm agent should also be able to interfere with
bacterial cell communication machinery.

This chapter aims to investigate and clarify in detail the inhibition of biofilm
formation by different approaches.

Other additional aspects to consider the identification of potential antimicrobial
agents are the ability to recruit immune cells and/or modulate the host immune
response and the synergy with other conventional and unconventional antimicro-
bial compounds [3, 4].

Biofilms are very dynamic and spatially heterogeneous structures originating
gradients of oxygen, nutrients, and pH, and their formation occurs through three
phases: adhesion, maturation, and dispersal phase as described earlier.

2. Small molecules capable to inhibit biofilm formation

The inhibition or prevention of biofilm formation has been a subject of study
for a long time. The first important action against biofilm formation is to prevent
bacterial adhesion to surfaces and host tissues to reduce infection [5]. Preventing
bacterial adhesion is an attractive target [6] for hampering bacterial infection,
and several different strategies have been proposed including hindering cellular
receptors from recognizing adhesion surfaces or inhibiting the process of bacterial
adhesion. Blocking the primary colonizers can prevent initial biofilm coloniza-
tion and the subsequent infection produced by planktonic cells released from the
biofilm itself.

The adhesion process consists of various distinct steps. In the first step, bacterial
cell establishes reversible adhesion interactions on host surfaces [7], while in the
second step, a stronger type of adhesion is carried out, which involves specific mol-
ecules that bind in a complementary manner [5]. In particular, in Gram-negative
bacteria, adhesion is mediated by special proteins known as adhesins associated
with cell surface structures such as fimbriae or pili [8, 9]. Initial adhesion is then
followed by a complex colonization process that offers a number of advantages to
bacteria, including increased protection against dislocation by hydrokinetic forces
from fluid surfaces or better access to nutrients released by the host cells [10].
Finally, in these favorable conditions, the development of the elaborate biofilm
structures can take place.

For along time, the first strategies used to inhibit the adhesion process were
focused on the use of adhesin analogues that bind to the receptor and competitively
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block bacterial adhesion [5]. However, this strategy resulted unpractical because
adhesin proteins are not readily available, and they become toxic at the relatively
high concentrations that had to be used. An attempt to overcome this problem
consisted in the design and use of synthetic peptides mimicking the sequence of cell
surface adhesins. For example, the small peptide p1025 inhibits Streptococcus mutans
binding to dental surfaces [11]. Analogously, a fragment of the fimbrillin adhesin
was found to inhibit the adhesion of Porphyromonas gingivalis to hydroxyapatite
[12]. However, this approach showed several drawbacks as different adhesins
usually mediate the adhesion process and the expression of carbohydrates or cell
surface ligands may vary depending on environmental conditions, originating a
large number of variables and making this approach more difficult and not very
applicable.

A novel and interesting approach to inhibit bacterial adhesion consists in the
use of cell coatings with antimicrobial peptides that alter the chemical properties
of the surface [13, 14], thus interfering with bacterial adhesion and preventing
surface binding. Although “passive,” this method is rather attractive and may serve
as a novel approach to address the biofilm problem on artificial medical devices.
However, limited successes have been achieved so far due to attachment variability
among different bacterial strains. Recently, many active polymeric coatings were
designed to bind the surface and release a variety of antimicrobial molecules such
as antibiotics, bacteriocins, and metal ions [15-18]. A significant reduction in
biofilm formation of Staphylococcus epidermidis on hydrogel-coated and serum/
hydrogel-coated silicone catheters was observed following the release of bacteri-
ophagic factors from the polymer with and without supplemental divalent cations
[19]. Similarly, treatment of piperacillin-tazobactam coated tympanostomy tubes
reduces biofilm infection of ciprofloxacin-resistant Pseudomonas aeruginosa (CRPA)
[20]. The negative aspect of this approach might be the continuous release of high
concentration of antimicrobials in a short time by the active polymer often higher
than the MIC values without a specific target. However, target release polymer
can be foreseen as the new era of biofilm treatments in industrial food safety and
packaging [21].

Recently, great attention was paid to a different approach addressed to killing
planktonic cells for prevention and treatment of biofilms. The new catheter lock
solution C/MB/P (citrate, methylene blue, and parabens) was able to act against
planktonic and sessile bacteria within a biofilm preventing bacterial colonization
of hemodialysis catheters [22]. Killing planktonic cells might represent a good
approach, but this strategy cannot be carried out on long term because any drug
targeting crucial processes for bacterial life will unavoidably lead to the develop-
ment of resistant strains.

An effective and positive control of biofilm formation might be obtained by
interfering with specific cellular process crucial for biofilm formation. Biofilm
formation is often associated with the phenomenon of quorum sensing (QS),
in which bacterial cells communicate with each other by small diffusible signal
molecules [23]. Moreover, bacterial gene expression has to be synchronized to
form biofilms, and to achieve this goal, the quorum-sensing (QS) mechanism is
used by bacteria, producing and responding to a several intra and intercellular
signals called autoinducers [24]. At low-cell densities, the autoinducer is present
in the extracellular media in a small amount that is too dilute to be detected. When
the cell density increases, the autoinducer concentration reaches a threshold, and
the autoinducer-receptor complex (the regulatory protein) acts to induce or
repress the expression of target genes. The QS controls some physiological pro-
cesses such as secretion of virulence factors, biofilm formation, and antibiotic
resistance in several bacterial species [25, 26]. Investigation and elucidation of
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the molecular mechanisms underlying the QS effects on biofilms including the
production of virulence factors may help to control bacterial infection. More than
70 species of Gram-negative bacteria communicate and control their population
density and mobility via N-acyl homoserine lactones (AHLs) mediated QS and
represented one of the primary scaffolds studied for the design of potential biofilm
inhibitors [27]. N-butanoylhomoserine lactone 1 (C4-AHL, for the rhl system)
and 3-oxo-C12-AHL 5 (for the las system) are among the most important AHLs
involved in QS (REF Small molecule control of bacterial biofilms). In P. aerugi-
nosa, one of the most important bacteria involved in human infections, different
antibiofilm molecules focused on AHL analogues were designed to develop new
strategies to impair biofilm formation. The Blackwell et al. identified, designed,
and synthesized several different AHLs capable to significantly reduce biofilm
formation and virulence factor production in P. aeruginosa [28, 29].

A different approach consisted in the use of the synthetic halogenated furanone
produced by secondary metabolism of the Australian macroalga Delisea pulchra,
which is able to penetrate the biofilm matrix and to alter its architecture in flow
chambers [30, 31]. Furthermore, T315, an integrin-linked kinase inhibitor previ-
ously identified as a potential therapeutic agent against chronic lymphocytic leu-
kemia [32], was shown to selectively inhibit biofilm formation in both Salmonella
typhi and Salmonella Typhimurium at early stages of biofilm development without
affecting bacterial viability. T315 was also demonstrated to reduce biofilm forma-
tion in Acinetobacter baumannii but had no effect on P, aeruginosa suggesting a
bacterial specificity [33].

3. Biofilm inhibition by antimicrobial peptides

Antimicrobial peptides (AMPs) are small molecules (10-100 amino acids)
widespread in nature that play an essential role in the innate immunity. Recently,
much attention has been paid to AMPs as they exert a broad spectrum of action,
exploiting different activities as antibacterial, antifungal, antiparasites, antican-
cer, and antibiofilm factors [34]. This paragraph will focus on the ability of some
antimicrobial peptides to inhibit biofilm formation.

The use of antimicrobial peptides to impair biofilm formation is attracting great
interest, and many peptides have already been tested on different bacterial biofilms.
In particular, the molecular mechanism of biofilm inhibition by AMPs is very much
under investigation. The AMPs tested on biofilms so far derive from different
natural sources, such as humans, mammals, bacteria, plants, and amphibians, but
many synthetic peptides have also been studied. For example, it was demonstrated
that the human cathelicidin LL-37 and indolicidin peptides could prevent biofilm
formation of P. aeruginosa by downregulating the transcription of Las and Rhl, two
quorum-sensing systems [35]. Moreover, AMPs could inhibit biofilm formation by
increasing twitching motility in P. aeruginosa through the stimulation of the expres-
sion of genes needed for type IV pilli biosynthesis and function. Type IV pilli has
the main function to increase bacteria movement on surfaces, which could facilitate
cell removal [35]. The synthetic antimicrobial peptide meta-phenylene ethynylene
(mPE), based on magainin, was active against biofilms of Streptococcus mutans, both
as an intracellular antibiotic by binding to DNA and as a membrane-active molecule
inhibiting lipopolysaccharides (LPSs), similar to magainin action [36].

In addition, the LL-37 peptide can also inhibit initial biofilm attachment.

In Pseudomonas aeruginosa, this peptide downregulates the expression of genes
associated with the assembly of flagella involved in the process of initial adherence
[37]. Antiadhesion could be one of the major AMPs antibiofilm properties leading
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to their potential use as an effective pretreatment strategy. For example, the nisin
peptide, which interferes with cell wall synthesis and is capable to form membrane
pores, delays biofilm formation, but it does not inhibit the Staphylococcus aureus
growth when it is immobilized in multiwalled carbon nanotubes [38].

AMPs can also cause biofilm matrix disruption. The human liver-derived
hepcidin 20 peptide can reduce the mass of extracellular matrix and can alter the S.
epidermidis biofilm architecture by targeting polysaccharide intercellular adhesin
(PIA). Being endowed with nucleosidase activity, the fish-derived piscidin-3 pep-
tide can degrade P. aeruginosa extracellular DNA by coordinating with Cu®* through
its N-terminus [39, 40].

Although several antimicrobial peptides have nowadays been studied for the
inhibition of biofilm formation, a further aspect needs to be considered. Several
biofilms have developed defense mechanisms to protect themselves from antimicro-
bial agents. The interaction with EPS is thought to be the principal reason of biofilm
resistance to AMPs even if the exact mechanism is not well understood. Gram-
negative bacteria, such as P, aeruginosa, can secrete alginate, an anionic extracel-
lular polysaccharide consisting of uronic acid D-mannuronate and C-5 epimer-L
guluronate. Alginate can interact with cationic AMPs and protect P. aeruginosa
biofilm from the effect of the antimicrobial peptides [41]. Moreover, the peptide
sensing system known as aps, first recognized in S. epidermidis, can protect Gram-
positive bacteria from AMP action. This system upregulates the D-alanylation of
teichoic acid and increases the expression of putative AMP efflux pumps. It was
demonstrated that Enterococcus faecalis D-alanine deficient mutant is more resistant
to AMPs than the wild type even if they produce less biofilm [42].

4. Biofilm inhibition by protein targets

Planktonic bacteria can adhere to different cells or tissues starting biofilm
formation via production of a multitude of proteins, which act at different stages of
biofilm formation. Some proteins contribute to biofilm accumulation, while others
are involved into the mediation of primary attachment to surfaces [43, 44]. For this
reason, the formation and the development of bacterial biofilm can be associated
with the production of specific proteins, which play essential roles in the bacterial
biofilm formation and development. Strategies leading to the identification of
these proteins are fundamental as they could represent interesting targets to inhibit
biofilm formation, allowing the development of new antibiofilm agents and proce-
dures [45]. In this paragraph, we will focus on some target proteins involved in the
production of biofilms in different bacteria: the N-acetylneuraminate lyase (NanA)
in Escherichia coli, the bifunctional enzyme N-acetyl-D-glucosamine-1-phosphate
acetyltransferase (GImU) in Mycobacterium smegmatis, and the surface protein G
(SasG) in S. aureus.

The NanA protein of E. coli is an enzyme able to recognize the sialic acid, a
molecule essential to a number of critical biological processes, such as cell recogni-
tion, adhesion, and immune system evasion. NanA catalyzes the transformation of
sialic acid into pyruvate and N-acetyl-D-mannosammine [46, 47], favoring cell-cell
adhesion. Therefore, NanA plays a fundamental role in the adhesion development
of host cells a process of great importance in the formation of biofilm. This enzyme
is then considered an important target for developing molecules able to reduce
biofilm accumulation. Recently, a relationship between methylation stress in E. coli
and the reduction of bacterial adhesion properties thus decreasing its ability to form
biofilm was reported. This phenomenon was associated with a drastic reduction
in the expression levels of the NanA protein, suggesting a possible role of NanA in
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biofilm formation and bacteria host interactions. Using a null NanA mutant and
DANA, a substrate analog acting as competitive inhibitor, it was demonstrated that
the downregulation of NanA or inhibition of its enzymatic activity affects biofilm
formation and adhesion properties of E. coli [48, 49].

Another important protein target is GlmU, a bifunctional enzyme with
acetyltransferase activity involved in the biosynthesis of Uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc), a key precursor of p-1,6-N-acetyl-D-
glucosamine polysaccharide adhesin required for biofilm formation [50, 51]. GImU
is a possible factor involved in biofilm production in M. smegmatis, a nonpathogenic
bacterium homologous to the pathogenic M. tuberculosis. The response of M. smeg-
matis to alkylating stress is different from E. coli, resulting in an increase in biofilm
formation possibly due to a very strong defense mechanism. In this contest, GImU
has an important role in the process of biofilm production in M. smegmatis, being its
expression highly upregulated when the bacterium needs to activate defense mecha-
nisms [52]. Experiments with both conditional deletion and overexpressing glmU
mutants demonstrated that the downregulation of GImU decreased M. smegmatis
capabilities to produce biofilm, whereas the overexpression of enzyme increased bio-
film formation. These results were supported by inhibition of GImU acetyltransfer-
ase activity with two different inhibitors, suggesting the involvement of this enzyme
in the M. smegmatis defense mechanisms. Focusing on the inhibition of GImU might
then be an efficient method to disable the bacterium defense mechanism.

S. aureus is a common pathogen responsible for nosocomial and community
infections being able to colonize the squamous epithelium of the anterior nares.
One of the adhesins likely to be responsible for this ability is the S. aureus surface
protein G (SasG), which promotes cellular aggregation leading to biofilm forma-
tion [53, 54]. SasG comprises an N-terminal A domain and repeated B domains
with only the B domain required for the accumulation of biofilm. Expression of
SasG does not increase the adherence of bacteria, and it is not involved in primary
attachment but plays a role in the accumulation phase of biofilm formation [55].
For different aspects and playing different roles, NanA, GImU, and SasG may all
represent interesting targets to address the inhibition of biofilm production.

5. Conclusions

Currently, biofilm infections constitute a serious medical problem, and their
treatment is far from being satisfactory. Biofilm formation inhibitors have several
potential therapeutic applications as coatings in medical devices or in the prophy-
laxis of implanted surgery. In this respect, the identification of new strategies to
counteract biofilm formation is a broad subject of study. The antibiofilm activity of
many molecules such as proteins, peptides, and small organic molecules is currently
under investigation. Each of these molecules is endowed with specific character-
istics and can exert its ability to inhibit bacterial biofilm formation with different
mechanisms. Antibiofilm agents are able to act both at the initial stages of biofilm
formation, such as bacterial adhesion to the host surface, and on preformed biofilm,
leading to the disruption of the EPS architecture. Many small organic molecules
are able to interfere with the bacterial QS system, but their lack of activity in in
vivo models and the high toxicity make these molecules of limited use in clinical
applications.

As antimicrobial peptides show a broad spectrum of action, exploiting different
activities including antibiofilm capabilities, these molecules might be considered
as new promising factors to impair biofilm formation that exploit different mecha-
nisms to hamper biofilms at different stages.

62



Inhibition of Bacterial Biofilm Formation
DOI: http://dx.doi.org/10.5772/intechopen.9o614

The administration of a single antibiotic is often not enough to eradicate bacte-
rial invasions, and a high concentration of the antibiotic can be extremely toxic.
A possible solution might be the coadministration of antibiotics with antibiofilm
peptides that allow the use of low antibiotic concentrations. This strategy can be
tuned to affect biofilms without killing bacteria, thus avoiding the emergence of
drug-resistant populations through synergy with existing antibiotics.
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Chapter 5

Approaches for Modeling
Anaerobic Granule-Based Reactors

Jixiang Yang

Abstract

Anaerobic granule sludge is a self-forming biofilm. This biofilm can be developed
without the presence of bio-carriers. Anaerobic granule sludge-based technologies
are dominant technologies in the field of anaerobic wastewater treatment. Although
they are successful technologies, many efforts are still needed for a better under-
standing of the granules and granule-based reactors because reactor failure can
occur. Here, reactor modeling is highly helpful in understanding the performance of
anaerobic bioreactors. A model that can accurately model bioprocesses in a sludge
bed reactor and predict concentrations of effluent components is valuable. This
is because the model can provide insights into the reactor and be useful in reactor
control. Current models of granules are models on bioprocesses in a single granule
sludge or on the hydrodynamics and biokinetics in a sludge bed reactor. Here, we
review advances in reactor model and its applications as well as limitations and
further improvements in the models.

Keywords: anaerobic, granule, model, wastewater, sludge, modeling

1. Introduction

The phenomenon of anaerobic sludge granulation was first observed in the
1990s. Extensive experimental works have been implemented since then. The
culture conditions for forming the anaerobic granular sludge are well understood
[1]. A high upflow velocity (usually >1 m/h) is usually required. The diameters of
anaerobic granules can be up to 0.15-4 mm, which results in high free sedimenta-
tion velocities, that is, 15-50 m/h. The high sedimentation velocities can make a
large amount of highly active granular sludge retained in a bioreactor in a highly
efficient way. By 2007, the market share for anaerobic granule sludge-based technol-
ogies in the field of anaerobic wastewater treatment was 89%. Anaerobic granular
sludge-based technologies have been extensively applied to treat wastewater from
different industries, including agriculture, food, beverage, alcohol distillery, pulp,
and papermaking.

Bioreactors involved in wastewater treatment are complex systems, and many
nonlinear biokinetics occur in the bioreactors. A model that can successfully model
bioprocesses in the bioreactors is effective in understanding the bioreactors and
their manipulation. Versus aerobic wastewater treatment, modeling an anaerobic
wastewater treatment is much more difficult. This chapter summarizes different
model strategies for a granular sludge bed reactor. These strategies are beneficial for
further model development and applications.
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2. Bioparticle model

The distribution of microorganisms in an anaerobic granule has big impacts on
modeling the bioactivity of this granule. Different microbial structures for gran-
ules are identified. A layered and a cluster granular sludge structures are observed
[2]. Here, three layers are proposed. The outermost layer includes acidogens and
hydrogen-consuming organisms. In the middle layer, hydrogen-producing organ-
isms as well as hydrogen-consuming organisms both exist, while Methanosaeta
locate in the core layer. In this clustered structure, Methanosaeta clusters and
zones with syntrophic eubacteria and hydrogenotrophic methanogens scatter in
the granule.

A granular sludge bed consists of numeral sludge granules. Modeling substrate
degradation in a single sludge granule has other applications. Indeed, understanding
bioreactions in a single granule can explain the operation of an entire bioreac-
tor. Two strategies are used to model substrate degradation in a single granule.
Modeling strategies are both termed bioparticle models in this study. The biopar-
ticle models are discussed below.

2.1 Diffusion-reaction model

A diffusion-reaction model couples mass transfer and substrate degradation
kinetics in a single granule. Some assumptions need to be made to establish a
diffusion-reaction model. The shape of real granules in reactors is irregular and
nonuniform. In addition, the biogas that results from bioprocesses contributes
to the formation of pores in the inner space of a granule. Water and biomass are
different materials and constitute a granule. Therefore, substrate diffusion in
the inner space of a granule is different at different locations. Nevertheless, some
assumptions are adopted for building a typical diffusion-reaction model to simplify
the difficulty in modeling and ensure model accuracy. The assumptions are listed
here: (1) the granules are spherical and uniform; (2) only radial diffusion transport
is considered and is described by Fick’s law; (3) the diffusion coefficient is constant;
and (4) there are no active biomass gradients in the granules at time zero [3].

A representative granule is assumed in a diffusion-reaction model [3, 4]. A typi-
cal diffusion-reaction model is characterized by the following equations:

2
D,»(”l S0 %—dsljl;”> 47,20, (1)
with two boundary conditions:
ds;
= =0, at =0
dr ar Q)

Si=Sl’ymy, at r=R

where §; is the substrate concentration of component i in the granule, S, ., is
the substrate concentration of component i in the granule surface, 7; is the volu-
metric substrate conversion rate in the granule, and D; is the diffusion coefficient
of substrate I; » is the distance from the granule center.

The diffusion-reaction model was successfully applied in an anaerobic ammo-
nium oxidation (ANAMMOZX) granule [3]. However, the above diffusion-reaction
model must be revised accordingly, while other sludge granules are modeled. The
ANAMMOX reaction is a simple and single reaction that involves simple substrates.
If a complex substrate is involved in a diffusion-reaction model, then a hydroly-
sis process as well as other downstream processes are involved, and it is hard to
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calibrate the kinetic parameters for each process. In addition, assumption (4) for

a diffusion-reaction model may not be true for complex substrates such as carbohy-
drates. If a carbohydrate is used as the substrate, then a multilayer model could be

a better alternative. In the multilayer model, a granule is divided into three layers:
H,, producing acetogens; Hy, consuming organisms (Methanothrix); and acidogens.
Furthermore, the boundary conditions (Eq. (2)) should be revised accordingly,
while substrate concentrations at the core of a representative granule are not zero or
there is a pore at the core of the representative granule.

2.2 Individual-based model

In the other model, substrate degradation can be coupled with the dynamic
growth of a sludge granule. In the dynamic growth process, the sludge granule
consists of many bacteria, and the granular surface growth and detachment are
involved. The model is called an individual-based model (IBM) because the model
is based on each single individual bacterium.

The IBM significantly differs from the above diffusion-reaction model. The size
and shape of a single granule are not constant in the IBM. Bacteria grow and can be
sheared off in the model, which mimics the natural growth of a single granule. The
model has clear and active biomass gradients because the growth of different bacte-
rial species interacts with substrate degradation. The IBM can be one-dimensional,
two-dimensional, or three-dimensional.

Figure 1 shows the model strategy of the IBM model. The IBM model was
applied to model the biofilm development in a reverse osmosis module. This data
verified the validity of the IBM model [5, 6]. In principal, any kind of microorgan-
isms can be applied in this model strategy.

1. Solution of flow eiuations

2. Solution of mechanical equilibrium

equations
. 4
$ o

4. Solution of solutes mass balance

equations

5. Solution of biomass growth

equations
. 4
v‘ YES v

7. Biomass redistribution (spreading) =

YES

v

- Biomass detachment

NO

Figure 1.
Algorithm steps for the biofilm model including substrate convection, substrate diffusion, substrate reaction,
biomass growth, and biofilm detachment.
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The implementation of an IBM model requires a big computational workload
because a modeling domain must be divided into numerous micro grids. Hence,
the implementation of an IBM model at a reactor scale would require huge
computational workload and appear to be impossible.

3. Reactor model
3.1 Integration of hydrodynamic and biokinetics
3.1.1 Applied hydrodynamic models

The modeling of wastewater treatment at the reactor scale usually requires a
hydrodynamic model. The hydrodynamic model tries to explain water flow in a
bioreactor. There are two major strategies for constructing a hydrodynamic model.
On one hand, a reactor can be treated as a connection of continuous stirred reac-
tors (CSTRs) and/or plug-flow (PF) reactors. This is termed the reactor compart-
mentalization (RC) strategy. On the other hand, computational fluid dynamics
(CFD) can be applied instead of reactor compartmentalization. This is termed the
CFD strategy.

3.1.1.1 RC strategy

Many different flow schemes have been applied to model hydrodynamics in
granular sludge bed reactor. In each of these models, CSTRs are widely applied to
model a sludge bed and a blanket, while a PF reactor is usually applied to model a
settler in a reactor. The flow schemes do not have to fit the real physical flow condi-
tions. A flow scheme is considered acceptable if the resulting tracer concentrations
fit the tracer concentrations measured at the outlet of reactors [7].

Figure 2 shows that four major flow schemes have been applied to model the
hydrodynamics in granular-based reactors [8, 9, 11]. A sludge bed can be mod-
eled by using a combination of a CSTR and a dead volume. The sludge blanket
can be modeled via the other CSTR. A bypass flow always starts from the inlet
of a sludge bed but ends at different compartments in different flow schemes.
The settler can be modeled as a plug-flow reactor. Other flow schemes are also
applied but with less applications. An upflow anaerobic sludge bed (UASB) reac-
tor was treated as the connection of several CSTRs, and there was a good agree-
ment between experimental and simulated results. This shows that this variation
is acceptable [12].

A CSTR is often applied when a blanket zone is modeled because biomass trans-
port and rising bubbles are two important factors that lead to turbulence in this
compartment. In a settler, a degree of mixing can be expected due to movement of
rising gas bubbles. Therefore, this zone is modeled as a dispersed plug-flow reactor.
The choice of a plug-flow reactor or a CSTR should depend on the flow conditions
in the sludge bed. Although many researchers use a CSTR to represent a sludge bed,
a plug-flow reactor can be an alternative [13]. Similarly, a sludge bed in a reactor is
often modeled as a CSTR when a high recirculation rate is applied [4, 7].

3.1.1.2 CFD strategy

If the characteristics of each sludge granule can be obtained by applying
basic equations such as Navier-Stokes equations, then the exact hydrodynamic
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Figure 2.

Flow schemes for UASB reactors. (A) [8], (B) [9, 10], (C) [11], and (D) arrows show flow directions.

modeling of a granular sludge bed can be obtained. However, it is impossible
to obtain details of each sludge particle; therefore, an exact model cannot be
obtained and is not even necessary.

The hydrodynamic modeling of a granular sludge bed by CFD requires certain
techniques. On one hand, a sludge bed can be a liquid that is different from water. The
sludge bed and the blanket over the sludge bed can then be modeled separately but
simultaneously using different approaches [14]. The sludge concentration has a big
impact on sludge hydraulic characteristics such as viscosity [15], and the concentra-
tion of the sludge decreases along the reactor height even at lab scales [16]. However,
Wang et al. overlooked this difference. In contrast, the sludge bed can be treated as a
porous bed. Influent penetrates through the porous bed and flows into a blanket over
the porous bed [16]. The permeability and porosity of the sludge bed can be measured
and then included in the second method that treats the sludge bed as a porous bed.

The CFD strategy has a few advantages over the RC strategy. First, an optimum
flow scheme must be selected from many different flow schemes with the RC
strategy; however, there is no need to manually divide a real reactor into virtual
reactors while applying a CFD strategy. An RC strategy is difficult to establish with
a very complex reactor structure, that is, internal circulation reactor. Second, the
CFD strategy can provide many more details about water flow. Complex hydraulic
calculations were applied to obtain head loss in a granular bed anaerobic baffled
reactors [17]. Such reactor details can be simply extracted from a CFD model, which
is more efficient than a complicated manual calculation. Third, the RC strategy
cannot provide flow details for each part of a reactor; however, CFD can be applied
to obtain the details [18-20].
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3.1.2 Applied biokinetics

The biokinetics regarding wastewater treatment are nicely represented by a
series of mathematical equations. Either the RC strategy or the CFD strategy is
ready to be combined with the equations to model bioprocesses in a bioreactor.

3.1.2.1 Reactor modeling with anaerobic digestion model 1 (ADM1)

The combination of CFD and a simple bioprocess was used to model an
expanded granular sludge bed (EGSB) reactor [21]. The biokinetics usually interact
with each other. ADM1 is the widely applied model for modeling bioprocesses in
anaerobic wastewater treatment. When calibrated, ADM1 can be integrated with
hydrodynamic models to obtain an integrated model for reactor modeling. An
integrated model can be obtained when a granular sludge bed reactor is treated as
a connection of virtual CSTRs and PF reactors and by applying the ADM1 model
to each of these virtual reactors. An integrated model was used to model an UASB
reactor treating traditional Chinese medicine wastewater [22]. In the integrated
model, values for nonsensitive parameters were adopted from public reports, while
sensitive parameters were calibrated. Similarly, sensitive parameters were calibrated
while modeling a UASB reactor treating wastewater from a molasses-based ethanol
distillery [23]. In these two studies, the original form of ADM1 was maintained.
However, the ADM1 can be extended to be more practicable. The ADM1 can be
extended by extending the number of microbial species [7, 24] or by including new
soluble fermentable substrates [25].

3.1.2.2 Reactor modeling with a bioparticle model

Strategies for reactor modeling based on a bioparticle model are reported.
However, this reactor modeling strategy is case-specific, and relevant road maps
of each strategy are not clearly stated [3, 4, 12]. By cross-checking these models,
a general model strategy is summarized below:

i. First, a representative granular size is assumed and applied to all granules in
the model.

ii. Second, a RC strategy is applied to divides a real reactor into a single or a
series of virtual reactors, that is, CSTRs and/or PF reactors.

iii. Then, the number of representative granules can be obtained in each virtual
reactor in the model by measuring the total sludge mass in a real reactor and
calculating the mass of the representative granule.

iv.Fourth, the substrate degradation rates in each virtual reactor are obtained
by adding substrate degradation rates of all representative granules in each
virtual reactor.

v. Finally, the substrate degradation rates in each virtual reactor can be added

together to obtain a reactor model that models the operation of a real granu-
lar sludge bed.

The bioparticle model applied here is a diffusion-reaction model rather than
an IBM because the implementation of an IBM will encounter a huge computa-

tional workload. In addition, this strategy can be enriched by including other
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sub-models such as sludge concentration distribution along reactor height and

sludge bed expansion at different upflow velocities [4]. Furthermore, the size of a
representative granule is manually but carefully selected while applying a biopar-
ticle model. The weakness of reactor modeling with a bioparticle model is that a
reactor model cannot be obtained when a bioparticle model cannot be obtained.
A bioparticle model has not been convincingly established for complex substrates.
Therefore, reactor modeling with a bioparticle model for complex substrate is still

difficult.
Types Reactors and No. of Inputs Outputs Ref
wastewater layers
BP UASB, domestic 3 TSS, VSS, COD, COD of effluent [30]
alkalinity and VFA
concentration, T, pH in
the influent
BP UASB, domestic 3 BOD, COD, NH,-N, Effluent BOD and [29]
TKN COD
BP EGSB, denitrifying 4 NO;~, NO,~, 8%, pH, Nitrate, nitrite, [31]
sulfide removal HRT sulfide acetate
BP UASB, denitrifying 3 Influent sulfide, nitrate Sulfide, nitrate [32]
sulfide removal concentration, S/N removal
mole ratio, pH, and percentage,
HRT sulfate and
nitrogen
production
percentage
BP UASB, 3 Influent COD, HRT, Effluent COD [33]
pharmaceutical pH, COD loading rate
BP UASB, cotton 3 HRT, influent COD, COD removal [34]
textile pH, T, alkalinity, VFA,
dilution rate, organic
load, TSS
NARX UASB, bagasse 4 Influent, flow rate, Biogas production [35]
wash inlet and outlet COD rate
ANFIS EGSB, corn 5 Influent COD, Q, Effluent COD [27]
processing TKN, effluent VFA and
bicarbonate
BP UASB, molasses 3 OLR, VFA of effluent, Biogas production [36]
influent—effluent
alkalinity and pH, T
AMIMO UASB, molasses — OLR, TCOD removal Biogas and [37]
rate, influent alkalinity methane
and pH, effluent pH production rates
Not UASB, molasses 3 OLR, influent and Biogas and [38]
clear effluent pH, T, methane

alkalinity effluent
COD and VFA
concentrations

production rates

ANFIS, adaptive neuro-fuzzy inference system; OLR, volumetric organic loading vate; TCOD, volumetric total

chemical oxygen demand; AMIMO, multiple inputs and multiple outputs; TSS, total suspended solids; VSS, volatile
suspended solids; COD, chemical oxygen demand; VFA, volatile fatty acid; T, temperature; BOD, biological oxygen

demand; TKN, total Kjeldahl nitrogen; HRT, hydraulic retention time; Q, reactor flow rate; and OLR, organic

loading rate.

Table 1.

Overview of neural networks applying to sludge bed reactor modeling.
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3.2 Neural network modeling

Although a anaerobic digestion model can be applied, model calibration is difficult
and laborious, while errors between model results and measured results still cannot
be ignored [26, 27]. The nonlinear regression method shows an empirical relationship
between effluent chemical oxygen demand (COD) and operation parameters such as
organic load and hydraulic retention time (HRT) [28]. This empirical relation can be
treated as a weak artificial neural network (ANN). ANN can effectively model non-
linear systems such as bioreactors for wastewater treatment. ANN is a very powerful
computational technique for modeling complex nonlinear relationships [29].

There are a few types of ANNSs. Table 1 shows that the most popular type for
granular sludge bed modeling is back propagation (BP). The main difference between
various types of ANNS is the network structure and the method for determining the
weights and functions for inputs and neurons [29]. Figure 3 shows the schematic
structure of a BP model. In the BP model structure, there is an input layer that is
applied for inputting measured data for model training (calibration). An output layer
is also required for model results. The selected reactor operation parameters for the
input layer and output layer are case-specific. Generally, influent COD and effluent
COD are usually applied in an input layer and an output layer to model a wastewater
treatment reactor, respectively; pH is not always included. Table 1 shows the selected
parameters for the two layers. In addition, a few layers or a hidden layer is applied to
bridge the input layer and output layer. The number of hidden layers in an ANN model
is usually determined automatically by a trial and error method, while a single hidden
layer network is commonly sufficient for most of the problems [29]. Therefore, three
layers are generally applied (Table 1). In the structure of an ANN, each layer consists
of a few neurons that are shown as circles in Figure 3. The connections between
neurons in each two nearby layers are usually determined while training the system
[29]. The modeled results in the output layer are different from measured data, and the
weights are recalculated until the model results that fit the measured results.

Table 1 shows that BP has been effectively applied to model granular sludge-
based reactors. Although these reactors treat different kinds of wastewater, the
model results can accurately fit the measured results. However, while reactors
are treating the same kind of wastewater, model inputs and output can vary sig-
nificantly [29, 30, 32]. As a result, different ANN models can be applied to UASB
reactors to treat the same kind of wastewater [36-38].

Influent COD

—  Effluent COD

Influent pH
*  Effluent VFA
T8S
[ Tnput layer ] [ Hidden layer ] [ Output layer ]
Figure 3.

Schematic view of the structure of BP model.
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4. Challenges and discussions

A bioparticle model can explain biokinetics in a sludge granule. Although a
bioparticle model can theoretically be applied for reactor modeling, ANN and
models integrating reactor hydrodynamics and ADM1 are much more suitable.

A model was established for modeling ANAMMOX process in a single granule
based on a few assumptions. However, neither the layered structure nor the
cluster structure of a single granule can model complex substrate degradation in a
single granule. The IBM model successfully modeled VFA degradation in a granule
and shows a clustered structure. The IBM model is based on accurate relevant
anaerobic kinetics and can hopefully model complex substrate degradation in a
single granule.

The influent COD should be nicely characterized when applying the ADM1
for reactor modeling. The ADM1 requires a detailed characterization of influent
organic matter. Nevertheless, such a detailed characterization is generally very
difficult [25, 26].

Furthermore, there are 86 parameters in the ADM1. While nonsensitive param-
eter values can be adopted from the literature, sensitive parameters—which vary
significantly—must be calibrated, which is extremely time-consuming and labori-
ous [27]. In addition, the mass of microbial species in bioreactors are not measur-
able, which challenges the implementation of ADM1 [30].

Calibrating ANN models is easier than ADM1. When the measured variables
begin to show differences in the response of ANN models, the model can be re-
trained using the newer data employed for cross-checking [27]. Numerous applica-
tions of ANNs have been successfully utilized in wastewater treatment modeling
[38—40]. This is because of the reliable and robust characteristics of ANNs in
capturing the nonlinear relationships between variables (multi-input and output)
in complex systems.

The other benefit of applying an ANN model for reactor modeling is that an
ANN model does not need well-established biokinetics. Currently, the production
of extracellular polymeric substances (EPS) is not well understood—a modi-
fied ADM1 still cannot effectively model the production of EPS [41]. Therefore,
the ANN can be hopefully applied to model the EPS production in an anaerobic
sludge bed to provide better effluent quality modeling. Nevertheless, although
an ANN model is convenient and reliable in reactor modeling, an applied ANN
model cannot explain reactor operation failure because it always treats a bioreac-
tor as a black box.

ANNs are better and more convenient tools for reactor modeling than the
integration of hydrodynamics and ADM1. Nevertheless, a calibrated ADM1 can
provide more details regarding reactor operation. A calibrated ADM1 can nicely
control reactor operation. An algorithm could be developed for ADM1 calibration
considering the difficulty in manual ADM1 calibration and efficient calibration
of ANN. These have been successfully achieved [42]. This makes applying ADM1
much easier because parameter calibration is not as difficult as it used to be.

5. Conclusions

A bioparticle model is beneficial for providing insights into reactions in the
inner space of a granule. Anaerobic ammonia oxidation processes are a simple
process and have been modeled in an ANAMMOX granule. However, when complex
substrates are involved, a model including relevant bioprocesses in a single granule
has not been available. This calls for further research in this field.
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The RC and CFD strategies can both be applied to obtain a reactor hydraulic
model that can be further integrated with a kinetic model for modeling effluent
quality. The RC strategy manually divides a sludge bed reactor into several virtual
reactors. The division does not have to fit the real flow conditions in the reactor.
Alternatively, the CFD strategy can provide more details for reactor understanding
and manipulation while being integrated with a kinetic model.

Parameter calibration for ADM1 is required before being integrated with a
hydraulic model—this is a difficult task. Alternatively, most applied BP neural
networks can accurately model concentrations of components in effluent,
although the involved reactor is still a black box because the BP neural net-
work completely ignores all bioprocesses in the reactor. An algorithm could be
programed for ADMI calibration by applying the high calibrating capacity of
the ANN.

Acknowledgements
This chapter was supported by the Youth Innovation Promotion

Association (NO.2019375) and Key Research Project from Chonggqing City
(cstc2018jszx-zdyfxmX0013).

Appendices and nomenclature

ADM1 Reactor modeling with anaerobic digestion model 1
AMIMO Multiple inputs and multiple outputs

ANAMMOX  Ananaerobic ammonium oxidation

ANFIS Adaptive neuro-fuzzy inference system

ANN Artificial neural network

BOD Biological oxygen demand

BP Back propagation

CFD Computational fluid dynamics

COD Chemical oxygen demand

CSTRs Continuous stirred reactors

Di The diffusion coefficient of substrate I

EPS Extracellular polymeric substances

HRT Hydraulic retention time

IBM Individual-based model

OLR Volumetric organic loading rate

OLR Organic loading rate

PF Plug-flow reactors

Q Reactor flow rate

r The distance from the granule center

RC Reactor compartmentalization

el The volumetric substrate conversion rate in the granule
S The substrate concentration of component i in the granule
Sisur The substrate concentration of component i in the granule surface
T Temperature

TCOD Volumetric total chemical oxygen demand

TKN Total Kjeldahl nitrogen

TSS Total suspended solids

VFA Volatile fatty acid

VSS Volatile suspended solids
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Abstract

Biofilm formation in clinical settings is an increasingly important issue
particularly due to the emergence of multidrug-resistant strains, as it resulted in
increased mortality, which poses a considerable financial burden on healthcare
systems. The bacterial biofilms are quite resistant to the routine antimicrobial-
based therapies; therefore, the novel strategies are desired in addition to the
conventional antibiotics for the effective control of infections caused by biofilm-
forming microbes. So far, the approaches being proposed to control the biofilm
formation in clinical practice settings include the use of biofilm inhibitors and the
use of modified biomaterials for the development of medical devices to thwart the
formation of biofilms. In this chapter, we have focused on the latest developments
in the anti-biofilm strategies through the interruption of the quorum-sensing
system, which is crucial for biofilm formation and have summarized the various
classes of antibacterial compounds for the control of biofilm formation. This
agrees with the recent approaches suggested by the National Institute of Health
(NIH) that advocates the use of combinational therapies based on the conventional
methods and complementary treatment to explore the potential utility and safety
concerns of the natural products. The studies regarding these emerging strategies
could possibly lead to the establishment of better therapeutic alternates compared
to conventional treatments.

Keywords: biofilms, infections, catheters, antimicrobials, quorum sensing, implants

1. Introduction

Group of microbial cells that are surface-attached and embedded within the
extracellular matrix (self-produced), and are strikingly resistant to antimicrobials
are called biofilms [1]. Biofilms can adhere to almost different types of surfaces like
body tissue and plant, plastics, metals, implant objects as well as medical devices [2].
Formation of biofilm on implants and medical equipment and implants, for example,
vascular grafts, prosthetic joints, heart valves, catheters, intrauterine devices, pace-
makers, and contact lenses can cause infection. Central line-associated bloodstream
infection (CLABSI) can occur due to use of intravascular catheters, furthermore,
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CLABSI can cause an increased rate of mortality and morbidity, and every year in the
USA almost 250,000 cases of bloodstream infections are reported [3].

When cells adhere and attach to surfaces biofilm formation begins. Several
factors can promote the attachment of microorganisms to biomaterials including
increased shear forces, bacterial motility, and electrostatic as well as hydro-
dynamic interactions between the surface and microbial cells [4]. It has been
observed that adherence of biomaterials to bacteria via biomaterial-surface
interactions and cell-surface is facilitated by numerous factors, such as protein
autolysin, surface, and adhesion proteins and capsular polysaccharides, etc.

For example, ‘Staphylococcus species’ show cell-surface proteins that are vital

for adherence of ‘Staphylococcus epidermidis’ to polystyrene which is named as
staphylococcal surface protein-1 and -2 (SSP-1 and SSP-2). After attachment

to the extracellular surfaces, microbial cells will start aggregate, multiply, and
eventually differentiate into the biofilm network [5]. Such microbial cells can then
be separated from mature biofilms, can cause chronic infections and can spread to
other organs also [6].

Another worrying characteristic of infections associated with biofilm for-
mation is increased biofilm cell tolerance to biocides. As biofilms provide an
excellent niche for exchange of plasmid, so increased resistance to the drug can
affect genes containing plasmids which results in multidrug resistance (MDR)
phenotypes. Enhanced drug resistance mechanisms include incomplete or slow
infiltration of antimicrobials within the extracellular matrix, the formation of
dormant cells during the non-dividing phase, reduced cell’s growth rate within the
biofilm, hence ultimately decreasing total targets for antimicrobial molecules [7].
Furthermore, it is difficult to treat biofilm formation with the traditional antimi-
crobial approach and the therapy is further inhibited by increased resistance to
the antibiotic because under antibiotic selective pressure microbial cells develop
resistance. For instance, it has been observed that almost above 70% of hospital
isolate of ‘Staphylococcus epidermidis’ show resistance to methicillin and surpris-
ingly there are many strategies to prevent infections associated with biofilm
formation other than antibiotic treatment [8]. In this chapter, we have focused on
anti-biofilm approaches and some promising efforts for controlling these biofilm-
based infections.

2. The process of biofilm development

The production and maturation of biofilm are complex, subsequent and
dynamic processes, depending upon several factors i.e. cellular metabolism,
intrinsic properties of the cells, genetic control, the substratum, and the medium
signaling molecules. Biofilm formation is introduced with a conditioning film
of inorganic or organic material on the cell surface; furthermore, this layer
modifies the surface feature of substratum which ultimately favors microbes
for colonization on the cell surface. The formation of biofilm consist of several
different steps: (i) initially the reversible attachment of microbial cells with
biotic or abiotic surfaces through weak forces for example van der Waals forces,
(ii) irreversible attachment to the cell surface with the help of different attach-
ment structure i.e. lipopolysaccharides, flagella, adhesive proteins or fimbriae
by hydrophobic or hydrophilic interactions, (iii) and then eventually biofilm
architecture development due to the production and proliferation of extracellular
polysaccharide (EPS) matrix which is self-produced and is made up of proteins,
extracellular deoxyribonucleic acid (DNA) and polysaccharides [9] (iv) in the

86



Innovative Strategies for the Control of Biofilm Formation in Clinical Settings
DOI: http://dx.doi.org/10.5772/intechopen.89310

next step mature biofilm is formed which has water channels that are responsible
for distribution of nutrients as well as signaling molecules within the biofilm
[10], (v) and then due to extrinsic or intrinsic factors separation of biofilm cells
occurs individually or in clumps and finally colonization of other niches and
dispersal of the cells [11].

3. Inhibition of initial attachment
3.1 Altering physical properties of biomaterials

Biofilm development starts with a reversible weak adhesion of microbial cells
to the exterior surface of medical equipment, however, if they are not removed
from the exterior of devices, they adhered permanently through their adhesion
structures i.e. fimbriae, pili and thereby forming biofilm matrix [12]. Surface
charge and hydrophobicity of implant constituents play a significant role in con-
trolling the ability of microbes to anchor to cell surfaces. Therefore, alteration
in the hydrophobicity and surface charge of polymeric constituents are proved
as efficient for controlling biofilm formation by using numerous antimicrobial
agents and backbone compounds [13]. Poly N-vinylpyrrolidone and Hydrophilic
polymers i.e. hyaluronic acid [14] on silicone shunt and polyurethane catheters
have been widely used to decrease the adherence of ‘Staphylococcus epidermidis’.
Furthermore, several hydrogel membranes have been introduced particularly
for ureteral stents that decrease bacterial adherence because of their hydrophilic
characteristics. It has been observed that due to very low wettability superhy-
drophobic coatings play a significant role to reduce the biofilm matrix formation
and adhesion of bacteria [15]. Later, it has been suggested that S. aureus and
Pseudomonas aeruginosa poorly attached on superhydrophobic fluorinated silica
coating as well as on titanium coatings. However, it was demonstrated that
Escherichia coli and Staphylococcus aureus poorly adhered on other superhydro-
phobic surfaces i.e. (AACVD) aerosol assisted chemical vapor deposition-coated
[16]. In some cases, it was observed that hairpin coating affects colonization
and adhesion of bacteria because it forms vascular catheter negatively charged,
so contribute to reducing the catheter-related infections, inhibiting microbial
colonization and thrombosis [17]. It has been described that the surface rough-
ness can modulate hydrophobicity, which ultimately influences the bacterial
adhesion [18].

3.2 Altering the chemical properties of biomaterials

There are several chemical approaches used to alter the exterior of biomedical
equipment to inhibit the biofilm formation comprising ion coatings, biocides and
also antibiotics [19]. Catheters that are impregnated with antibiotics, for example,
rifampin and minocycline have been revealed to reduce the occurrence of biofilm-
based infections by Staphylococcus aureus. Furthermore, catheters are coated with
several antibiotics that play a significant role in biofilm production during urinary
tract infections (UTI) like norfloxacin, nitrofurazone, and gentamicin [20]. Several
chemical molecules are identified through screening of chemical libraries, these
molecules are used as potential drugs to control infection and biofilm development.
Furthermore, such molecules do not provoke antimicrobial action, and hence
reduces the development of resistance due to no selective pressure against biofilm
matrix formation. In Staphylococcus aureus and Streptococcus pyogenes a series of
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small chemical molecules have an inhibitory effect on the expression of different
important virulent factors during infection and biofilm formation [21]. Several

aryl rhodamines showed inhibitory effect on early stages of biofilm development

in Enterococcus faecalis, S. epidermidis, and S. aureus. Moreover, it was reported that
a mucolytic mediator N-acetylcysteine has inhibited the formation of exopolysac-
charides in the biofilm layer in case of S. epidermidis [22]. In another microorganism
Vibrio cholerae, small substances suppressed the initiation of cyclic di-GMP that acts
as the second messenger to control switch in-between the aquatic and sessile way of
living of microbes [23].

It has been observed that numerous antibacterial peptides also inhibit
biofilm formation in several microbes. For instance, it is considered that pep-
tide 1018 has inhibitory effects in different microbes such as in Acinetobacter
baumannii, Burkholderia cenocepacia, Klebsiella pneumoniae, P. aeruginosa, E.
coli, Salmonella typhimurium and S. aureus [24]. Furthermore, class of peptide
antibiotics called lantibiotics i.e. gallidermin, epidermin, subtilin, and nisin has
been reported and control the biofilm production in S. aureus, S. epidermidis and
also in Lactococcus lactis.

Chelators hindering the role of metal ions in the production of biofilm are
considered as biofilm inhibitors, for example, silver salts, metallic silver and also
silver nanoparticles are commonly employed as antibacterial agents in clinical
implants against P. aeruginosa, Salmonella typhimurium, Klebsiella species, E. coli,
and S. aureus [25]. It is observed that antibiotics i.e. amoxicillin, clindamycin,
vancomyecin, penicillin G and erythromycin show increased antimicrobial activ-
ity against Staphylococcus aureus in the presence of nanoparticles [26]. Treatment
with silver substances prevents DNA replication, expression of cellular as well
as ribosomal proteins, and also respiration process that leads to death of the
cell [27]. In addition, It is also suggested that silver-coated implants inhibit
Staphylococcus aureus biofilm production without aggregating silver inside the
host tissue [28].

4. Quorum quenching

In the majority of Gram-negative and Gram-positive bacteria, an essential
cellular communicating system is presently called as Quorum sensing, which
regulates a variety of genes in accordance with the density of signaling molecules
furthermore, signaling molecules are called autoinducers [29]. On the bases of
signaling molecules QS is classified into three i.e. autoinducing peptide (AIP-
based) for Gram-positive bacteria, N-acyl homoserine lactones (AHLs-based) for
Gram-negative bacteria and autoinducer-2 (AI-2-based) for both Gram-negative
and Gram-positive bacteria [30]. When the biofilm is formed, after the initial
attachment, cells secrete QS molecules that alter the expression of the microbial
gene, thus changing planktonic form into a sessile form. Furthermore, QS plays
a significant role in biofilm development, so It has been observed that QS inhibi-
tion i.e. quorum quenching (QQ ) would be a striking approach to control biofilm
formation [31]. QS system is thought to be a target for developing new antimi-
crobial agents, moreover, QS system plays a crucial role in regulating pathoge-
netic factors and also virulence factors production in several pathogens [32].

The most important benefit of preventing biofilm formation by QQ is that this
approach decreases the risk of multidrug resistance (MDR) and thus creating
this approach noticeable to prevent biofilm-based infections in clinical settings.
The different approaches for the inhibition or removal of biofilms are
summarized in Table 1 and Figure 1.
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Figure 1.
An overview of the different anti-biofilm strategies.
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5. Removal of biofilms

Another anti-biofilm approach is the dissociation of the biofilm matrix which
accounts for around 90% of biofilm dry mass. This dissociation will ultimately
expose the sessile bacteria to the antibiotics as well as host immune defense. The
enzymes majorly employed for biofilm matrix-degradation can be divided into
three categories Proteases, nucleases and polysaccharide degrading enzymes [33].

Moreover, the surfactants also possess the antibiofilm activities as the cetyltri-
methylammonium bromide (CTAB), sodium dodecyl sulfate (SDS) and Tween 20
have been found to promote the detachment or dispersal of biofilms. Surfactin;

a biosurfactant produced by the Bacillus subtilis was shown to inhibit the biofilm
dispersal in E. coli, Proteus mivabilis, and S. typhimurium [33].

6. Bacteriophages as antibiofilm agents

Bacteriophages are considered as the largest creature in the biosphere, because
of antibiotic resistance development, bacteriophages play an important role in
the destruction of microbes. Use of bacteriophages is now considered as an alter-
native strategy to antibiotics, particularly for disruption or biofilm inhibition.
Bacteriophages are beneficial than chemical agents and antibiotics. The isolation
of bacteriophage is simple and fast, furthermore, its production is also cheap, and
these are very distinct against a host or either host range, therefore, do not disrupt
the normal flora. Bacteriophages are ecologically friendly, so with the persistence of
host bacteria, they can replicate at the target site and have no adverse effects.

Bacteriophages also considered as potent antibiofilm mediators, e.g., phage T4
can cause infection and replicates within E. coli biofilms and by destroying micro-
bial cells it can disturb the biofilm matrix. Doolittle and colleagues reported a study
and demonstrated the interaction of phages with biofilms. The interaction among
biofilm and phage is a dynamic as well as a sequential process. Phage adsorption
with the target bacterial receptors is the significant phase in phage infection. The
EPS matrix suggests a potent challenge for bacteriophages as EPS must be enough
penetrated so that bacteriophages can attach with and reach to the particular host
receptors. Furthermore, the EPS matrix also helps in the protection of bacteria in
the biofilm. Moreover, by diffusion or through phage derived enzymes, for exam-
ple, polysaccharide depolymerase can easily penetrate the EPS layer because these
enzymes have the ability to destroy the structure of biofilm so that these phages can
readily anchor to outer membrane receptors, lipopolysaccharides, or other proteins
that are essential for replication process [34]. It is surely suggested that these phages
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induced depolymerizes can easily disrupt biofilms. Now genetically engineering
for phages have been introduced that explicit biofilm degrading enzymes during
infection. The scientist has engineered a gene namely “dispersion” (dspB) into an
E. coli specific T7 phage to yield an engineered enzymatic phage, which shows more
efficacy for the removal of biofilms as compared to non-cloned phages.

Despite the several benefits of phage use, there are some disadvantages also, for
example, the release of a considerable amount of bacterial membrane-bound endo-
toxins, decreased number of phages encoding toxins, insufficient pharmacokinetic
data and conversion of lytic phages to prophages is also a big concern. Some of the
above-mentioned problems have been well determined through different processes
like designing a recombinant phage from Pseudomonas aeruginosa filamentous phage to
minimize the mortality rate in experimental animals and release of membrane-bound
endotoxins to report the endotoxin release issue is major advances to overcome the
above-mentioned concerns [35]. It has been observed that bacteriophages and antibi-
otics have a big potential to control biofilms such as phage PhilBB-PF 7A plays role in
the removal of Pseudomonas fluorescens biomass and has shown almost 63-91% activity.

Different studies show some of the strongest inhibitions, for example, the
existence of biofilm EPS matrix hindering the control of biofilm via antibacte-
rial agents and higher antibiotic resistance can be controlled through phage use.
Furthermore, there are many limitations of phage use such as microbial resistance
to phages, virulence genes that are phage-encoded can incorporate inside the host
bacterial genome and the narrow host range. Phage efficacy can also be reduced by
the immune system, and phage preparations that are improperly obtained can also
contain endotoxin. To control these obstacles engineered phages or phage mixtures
can be an effective alternative. Moreover, after proper selection and several studies
phages has become one of the most useful anti-biofilm agents.

7. Natural anti-biofilm strategies
7.1 Plant extracts

Many extracts of plants and their derivatives were widely studied to eliminate
the ‘Propionibacterium acne’ biofilm [36]. It has been reported that out of 119 plant
extracts, five showed strong antibiofilm activity i.e. Rhodiola crenulata, Dolichos
lablab, Malus pumila, Epimedium brevicornum, and Polygonum cuspidatum. These
scientists also suggested that extracts of P. cuspidatum and E. brevicornum and their
active derivatives i.e. resveratrol and icartin show a potential antibiofilm activity
even when used at lowest MIC. Bark extracts of Melia dubia were evaluated with
30 mg/mL concentration [37]. Furthermore, these extracts exhibit potential sup-
pression of hydrophobicity, swarming motility, hemolysis, and biofilm production
in E. coli. Other colleagues also reported similar results about Capparis spinosa
(caper bush) extract, this extract shows inhibitory effect on the EPS production and
biofilm production in Serratia marcescens, Pseudomonas aeruginosa, Proteus mivabilis,
and Escherichia coli at 2 mg/mL concentration [38]. In addition, well-known biofilm
formation of 3 microbes was dispersed. A medically important plant ‘Lagerstroemia
speciosa’ usually present in Southeast Asia, fruit extract from this plant is capable of
inhibiting biofilm formation by ‘P. aeruginosa’ PAO1 at 10 mg/mL concentration [39].

Other two plant extracts Dandasa (Juglans regia Tree Bark) and green tea
(Camellia sinensis) show a potential antibiofilm activity individually. Recently,
researchers observed that both Green tea and Dandasa exhibit potential antibiofilm
activity of Streptococcus mutans at 12.5 and 6.2 mg/mL concentration, respectively,
and on E. coli at 3.1 and 12.5 mg/mL concentration, respectively.
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Allium sativum extract i.e. fresh garlic extract (FGE) has a potential inhibi-
tory effect against biofilm formation, it has been observed that FGE decreased
‘P aeruginosa’ biofilm formation [40]. In-vitro screening of antibiofilm activity
of ‘Staphylococcus epidermidis’ of different 45 aqueous extracts from twenty-four
Caatinga (Brazilian xeric shrubland) medicinal species was published. Extremely
favorable extracts were taken from Chamaecrista desvauxii fruits, Pityrocarpa
moniliformis leaves, Bauhinia acuruana fruits and B. acuruana branches, which show
decreased the formation of biofilm even when they were tested at the lowest concen-
tration. In addition, it was also suggested that Senna macranthera and Commiphora
leptophloes fruit extracts decreased biofilms by 66.7% and 67.3% respectively.
Mycobacterium smegmatis which plays a significant role in biofilm development
was observed by using many quantitative and qualitative techniques. Other sci-
entists examined different plants i.e. Vaccinium oxycoccos, Hippophae rhamnoides,
Azadirachta indica and Juglans regia and spices to look for useful antibiofilm natural
substitutes. When the efficiency of plant extracts as an antibiofilm agent was
checked it showed that the extract of Azadirachta indica usually named as “Neem”
was surprisingly helpful at removing and lowering M. smegmatis biofilms [41].

Another plant extract ‘casbane diterpene’ isolated from “Croton nepetaefolius”
extract, is used to suppress the biofilm production of five Gram-negative bacterial
species (Klebsiella oxytoca, Klebsiella pnewmoniae, Escherichia coli, Pseudomonas
fluorescens and Pseudomonas aeruginosa), two Gram-positive bacterial species (S.
epidermidis and S. aureus), and three yeast species (Candida glabrata, Candida
tropicalis and Candida albicans) [42]. Furthermore, another study demonstrated
that Candida biofilm formation was remarkably decreased by Boesenbergia pandu-
rata also known as “finger root oil” almost by 63-98% when MIC levels were used
from 4 to 32 pL/mL [43]. Later studies showed that different plant extracts were
isolated against Enterohemorrhagic E. coli (EHEC) O157:H7 biofilm. Furthermore,
this study displayed that out of 498 plant extracts, almost 16 of them showed an
inhibitory effect on biofilm formation of EHEC above 85% with no-growth of
planktonic cells [44]. Certainly, these results specify that these different plant
extracts show maximum inhibitory effect on biofilm formation of several microbes.
Hence, it is suggested that further efforts are required to study the potential of these
plant extracts as antibiofilm agents in detail.

7.2 ‘Honey’

A natural product extracted by ‘honey’ bee from floral nectar is called as ‘honey’
however, ‘honey’ is generally common and is usually used for its remarkable activ-
ity in wound-healing, anti-inflammatory, and antibacterial activity and used as an
antioxidant. It has antimicrobial activities against 60 species of fungi and bacteria.
‘Honey’ was reported as a useful agent to control the biofilm formation. Furthermore,
it was described that ‘honey’ is effective in the prevention of Enterococcus spp. biofilm
production and can also use as a therapeutic agent against many Enterococcal infec-
tions that are biofilm-related. It can also decrease the biofilm production of EHEC
0157:H7. Recent studies show that very low quantity of ‘honey’ can significantly
decrease the formation of biofilm, the virulence of E. coli 0157:H7 and Quorum
sensing. So, a very low ‘honey’ concentration can decrease the formation of biofilm
by preventing the virulence genes transfer in microbes and the expression of biofilm-
associated curling QS, without inhibiting the cell growth. Due to its antimicrobial
properties, high concentration of ‘honey’ can also prevent biofilm formation as
well as adhesion of bacteria. Despite its antibacterial activity, it is also observed that
‘honey’ inhibits biofilm formation by antibacterial peptide which is bee defensin 1
that prevents microbial viability as well as biofilm formation indirectly [41].
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7.3 Essential oils

Naturally plant-derived volatile substances are called as essential oils (EOs).
Because of their antibacterial and preservative properties, these are effective and
favorable natural products for the food industry. These essential oils are commonly
used against a wide diversity of microorganisms since ancient time. These oils
exhibit antimicrobial impact on the cell wall of microbes, leading to the destruction
of microbes. Furthermore, it is suggested that these oils are very effective in inacti-
vating many microbes without producing antimicrobial resistance [45]. Because of
little mammalian toxicity, rapid degradation in the environment and availability of
many essential oils make them beneficial antibiofilm agent [46].

Cumin oil scientifically named Cuminum cyminum, a derivative of an aromatic,
therapeutic plant of “Apiaceae” family, has various medicinal properties and in the
digestive system, it acts as an astringent. It has been widely used for acute gastric
diseases as a carminative and eupeptic, and as an analgesic. It is also widely used
to flavor foods, for example, added in food for fragrance. Cumin seeds have been
used since ancient time. The efficiency of cumin seed against biofilm development
on Klebsiella pneumoniae strains was observed, which showed that cumin seeds has
decreased biofilm activity with improved ciprofloxacin efficiency [47].

Cinnamon oil is derived from the inner bark of the “Cinnamomum zeylanicum’
as well as “Cinnamomum cassia” and is mostly used in the food industry due to its
specific fragrance [48]. It is suggested that this oil is efficient against biofilm cul-
tures Lactobacillus plantarum, S. mutans, and S. epidermidis. Oregano also is known
as Origanum vulgare has inhibitory activity on biofilm production in case of E. coli
and Staphylococci. A study revealed that Oregano essential oil exerts antimicrobial
action on E. coli, S. haemolyticus, S. sciuri, S. aureus, and S. lugdunensis and could
prevent biofilm formation. Moreover, it also able to detach active biofilm even at
very low MIC. Inhibitory activity of “Brazil nut 0il” named as Bertholletia excelsa
(a vegetable oil) on commercially available dentifrice to prevent dental biofilm was
also assessed. Scientists showed that by adding this vegetable oil to commercially
available dentifrice, dental biofilm formation can be inhibited. Furthermore, this
oil helps in preventing and controlling periodontal diseases [41].

The antimicrobial activity of “tea tree” essential oils scientifically named
Melaleuca alternifolia, synergistically with ciprofloxacin was also evaluated against
‘P. aeruginosa’ biofilms. The consequences showed that the combined effect of TTO
with ciprofloxacin has decreased biofilm biomass significantly by more than 70%
and lowered the number of cells at the lowest (1.25 pg/mL) ciprofloxacin concentra-
tion. The efficacy of essential oils from cinnamon (Cinnamomum verum), namely
thymol, and oregano at sub-lethal concentrations on biofilm formation of 3 biofilm-
forming bacterial strains i.e. Stenotrophomonas, Acinetobacter and Sphingomonas
were assessed. Researchers showed that at the MIC, two out of three strains revealed
resistance on microbial biofilm formation. Furthermore, among the three tested
oils, “thyme 0il” was considered as more efficient and showed inhibitory effect even
on sub-lethal concentrations of 0.001% (w/v) [41].

8. Conclusion

Since biofilms are abundant in nature, the importance of biofilms in hospitals
especially regarding their role in infections is often undervalued. Future studies
should attempt to comprehend the biological forces controlling the colonization
to develop innovative strategies for controlling biofilm biomass within a clinical
context. Additionally, comprehensive research is required to recognize the potential
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of various synthetic and natural quorum sensing inhibitors (QSIs) for their
applicability for humans. As these QSIs do not encourage the antibiotic resistance,
therefore they can surely be the future therapeutic agents for the management of
biofilm-based bacterial infections in clinical settings.
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Abstract

Staphylococcus epidermidis, member of the group of coagulase-negative
staphylococci, belongs to an opportunistic pathogen. It is reported that the major
pathogenicity of S. epidermidis is attributed to its biofilm formed on the surface of
infected tissues, which enhances bacterial resistance to antibiotics. Thus, how to
inhibit biofilm formation and screening biofilm inhibitors will have great value in
reducing bacterial drug-resistance, which is beneficial to prevent and treat biofilm-
associated infections. In this chapter, we present the current knowledge on forma-
tion, antibiotic resistance, and control strategies of S. epidermidis biofilm. First,
biofilm formation in S. epidermidis, including factors involved in different phases in
the process of biofilm, is analyzed. Second, the mechanisms of antibiotic resistance
in S. epidermidis biofilms, such as poor antibiotic penetration, slow growth, and
formation of persister cells, are introduced. Finally, control strategies to S. epider-
midis biofilm formation are provided.

Keywords: Staphylococcus epidermidis, biofilm, antibiotic resistance, biofilm
inhibition

1. Introduction

Staphylococcus epidermidis is a commensal inhabitant of human and animal skin
that rarely causes disease in healthy persons and animals. In recent years, however,
S. epidermidis has been the most prevalent species isolated from device-associated
infections [1]. The ability of biofilm formation by S. epidermidis is an important rea-
son that investigators pay more attention to this emerging pathogen in recent years.
It is reported that the major pathogenicity of S. epidermidis is attributed to its bio-
film formed on the surface of infected tissues, which enhances bacterial resistance
to antibiotics [2]. Biofilm formation by S. epidermidis involves two major steps.
After finishing initial attachment, bacteria accumulate and form a multilayered
architecture [3]. Bacteria develop biofilm by producing high-viscosity extracellular
matrices including polysaccharides (EPS), proteins, and DNA (eDNA).

There is an increasing amount of biofilm research aimed at exploring how bac-
teria control their biofilm formation and to discover nontoxic compounds that can
attenuate biofilm formation without allowing bacteria to develop drug resistance
[4]. Special plants and Actinomycetes are both rich sources of bioactive substances,
notably antibiotics, enzymes, enzyme inhibitors, and pharmacologically active
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agents [4, 5]. Moreover, some Actinomycete species were reported to produce
inhibitors against biofilm formation by Staphylococcus aureus, Escherichia coli, and
Pseudomonas aeruginosa [6-9].

With this background, we aim to present the current knowledge on biofilm
formation of S. epidermidis and review the control strategies to biofilm.

2. Biofilm formation in S. epidermidis

S. epidermidis infections are regarded as prototypic biofilm infections. The
process of biofilm formation by S. epidermidis is periodically dynamic. Also,
surface adhesion between planktonic bacterial cells is a key for biofilm formation.
Once several cells succeed in adhering on a surface, named initial attachment of
cells, surface motility and binary division result in an aggregation of attached
cells. These primary cell aggregates produce exopolymers, including exopolysac-
charides and extracellular proteins, which form extracellular matrix. Some of those
factors may also originate from lysed cells, such as extracellular DNA (eDNA)
[10]. Subsequently, there is development of a multicellular, multilayered biofilm
architecture. In the later phase of biofilm formation, biofilm cells and clusters can
detach. This detachment process is of key importance for the dissemination of
biofilm-associated infection [10].

2.1 Factors involved in primary attachment in S. epidermidis biofilm formation

Nonspecific adhesions between bacterial cells, which are mainly attributed to
the composition of compounds on the surface of bacterial cells and their hydropho-
bicities, play an important role in biofilm formation. Additionally, autolysin (AtIE)
and teichoic acids have influences on biofilm formation [11, 12]. It is reported that
lots of autolysin enhanced the cell surface hydrophobicity and increased the biofilm
formation. Also, teichoic acids correlated with increased cell surface hydrophobic-
ity, so they contributed to biofilm formation [11, 12].

In vivo primary attachment occurs to host tissue or host matrix proteins.

S. epidermidis produces a variety of surface proteins binding host proteins in a
specific manner. Bacterial surface proteins with such capacities have been termed
microbial components recognizing adhesive matrix molecules (MCRAMM) [13].
The C-terminus of such bacterial surface proteins consists of an LPXTG (Leu-Pro-
x-Thr-Gly) motif containing Gram-positive cell wall anchor, which covalently links
to the cell wall [1]. According to genomic analyses, S. epidermidis has at least 14
MCRAMMs with an LPXxTG motif. Many of those belong to the serine-aspartate
(SD)-repeat-containing protein family (called Sdr). The SD-repeat region spans
the cell wall and extends the ligand-binding region from the surface of the bacteria
[14]. Adequate SD repeats within proteins are essential for outstanding from bacte-
rial cell surface, which are covalently anchored to the peptidoglycan of Gram-
positive bacteria.

The SD repeat family protein Sdr G in S. epidermidis, which is very similar
to a fibrinogen-binding protein (Fbe), is necessary and sufficient for binding to
fibrinogen-coated material. SdrG knock-out mutant showed less adhesion on
fibrinogen-coated surfaces. It is reported that in vivo anti-SdrG antibody decreased
the numbers of S. epidermidis cells adherent to biomaterials [14]. One of Sdr
proteins, SdrF, mediates binding to type I collagen via one or both al chains, named
collagen-binding protein [15].

Some of surface proteins on bacterial cell wall are adherent to host cells via non-
covalent interaction, such as hydrophobic bonds and Van der Waals’ force, which of
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process are involved into the polymers on bacterial cell surface, e.g., teichoic acids.
Teichoic acids are main components consisting of the cell wall of Gram-positive.
They bind to peptidoglycan of cell wall and influence the activity of autolysin
(AtIE). AtIE, encoded by the atlE gene, is a bifunctional autolysin: one is able to
mediate bacterial adhesion, and the other is to promote bacterial cell autolysis,
which releases DNA out of cells, named extracellular DNA (eDNA) [16].

2.2 Factors responsible for cellular aggregation in S. epidermidis biofilm
formation

Following the primary attachment of cells to a surface, bacterial cells occur to
accumulate with the help of a variety of associated-accumulation factors, such as
polysaccharide intercellular adhesin (PIA), accumulation-associated protein (Aap),
and so on.

In the process of biofilm formation by S. epidermidis, PIA plays an important role
in cell aggregation. Studies with S. epidermidis mutant revealed that the accumula-
tion-defective mutants were unable to form a biofilm as they were unable to display
intercellular aggregation or to produce PIA [17]. Further characterization of this S.
epidermidis mutant showed that a deletion of icaR gene was found to upregulate PIA
expression, providing evidence that this gene negatively regulates the PIA expres-
sion [17]. However, it is reported that there is no ica operon in some of clinical S.
epidermidis strains, which have capacity of biofilm formation, named ica or PIA-
independent type. In these strains, the accumulation-associated protein (Aap) isa
major factor contributing to exopolysaccharide-independent biofilms of S. epider-
midis [1]. Aap protein promotes cell-cell adhesion via a Zn**-dependent mechanism
[18]. It is reported that 90% of isolated S. epidermidis strains contain aap gene, which
is implicated in both PIA-dependent and PIA-independent biofilm formations of
S. epidermidis [18]. S. epidermidis ATCC 35984 is aica” strain and a biofilm former,
whose biofilm formation mainly depends on PIA consisting of reducing polysaccha-
rides in which dihydroxyl groups are unsubstituted. However, exopolysaccharides in
ica” S. epidermidis mainly consist of nonreducing polysaccharides [19].

2.3 Biofilm formation and maturation

Cellular aggregation constantly occurs and subsequently forms biofilm.
Disruptive molecules create channels in the biofilm, which are essential for nutrient
accessibility in deeper biofilm layers and give the biofilm its characteristic struc-
ture, often described as mushroom-like shapes [10]. The characteristic structure
of mature biofilms with mushroom-like shapes and channels is dependent on the
production of phenolsoluble modulins (PSMs) in S. epidermidis.

Of primary importance for dissemination of biofilm-associated infection, cells
or cell aggregates may detach from a mature biofilm to reach the next infection
sites. This may occur by mechanical forces under flow, such as present in a blood
vessel, in a process often called sloughing [10]. Additionally, the bacteria can trigger
detachment by PSM production. These surfactant-like molecules work by decreas-
ing noncovalent adhesion between bacterial cells.

3. Mechanisms of antibiotic resistance in S. epidermidis biofilms
Several in vitro studies have demonstrated that bacteria within biofilms are

more resistant against antibiotic treatment as compared to planktonic cultures of
the same strains [20].
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S. epidermidis and other bacterial species produce an extracellular matrix called
glycocalyx or slime, which is a highly hydrated complex composed of teichoic acids,
proteins, and exopolysaccharides. In biofilms, poor antibiotic penetration, nutrient
limitation and slow growth, and formation of persister cells are hypothesized to be
responsible for drug resistance.

3.1 Antibiotic penetration of biofilms

Biofilms are typically characterized by dense, highly hydrated clusters of
bacterial cells enclosed in a self-produced polymeric matrix that is primarily
composed of exopolysaccharides such as polysaccharide intercellular adhesin
(PIA) in staphylococci and adherent to a surface. This matrix, also termed slime
or extracellular polymeric substance (EPS), impairs the access of antimicrobial
agents to the bacterial cells [21]. Additionally, either a reaction of EPS with or its
adsorption to the components of the biofilm matrix can delay penetration of the
antibiotics through the biofilm matrix. The effective diffusion coefficients of sol-
utes in biofilms average about 40% of the respective diffusion coefficient in pure
water [20]. S. epidermidis slime has been found to remarkably decrease the activ-
ity of the glycopeptides vancomycin and teicoplanin. The efficacy of cloxacillin,
amoxicillin/clavulanic acid, imipenem, cefpirome, erythromycin, roxithromycin,
clindamycin, fusidic acid, trimethoprim/sulfamethoxazole, doxycycline, genta-
micin, tobramycin, netilmicin, amikacin, isepamicin, ofloxacin, ciprofloxacin,
and daptomycin is also moderately affected by the exopolysaccharide matrix of S.
epidermidis. Other studies have suggested that S. epidermidis glycocalyx reduces
susceptibility to pefloxacin and moderately affects the activity of daptomycin,
linezolid, and quinupristin/dalfopristin [22, 23]. The role of biofilm matrix in
retarding the penetration of antibiotics is thereby contributed to the drug resis-
tance of S. epidermidis biofilms.

3.2 Slow cell growth in biofilms

Slow cell growth of the bacterial has been found in mature biofilms [17]. This
phenomenon is responsible for the decreased susceptibility of bacteria in biofilms to
antibiotics requiring growing organisms for their bactericidal effects. For example,
penicillins and cephalosporins prefer to killing the growing bacterial cells, and the
rate of killing cells is proportional to the growth rate [17]. It is well known that most
antimicrobial agents act on certain types of macromolecular synthesis to exert anti-
microbial activities, such as the synthesis of enzymes, proteins, and nucleic acids
(DNA or RNA). Thus, these antibiotics have little effects on bacteria with stagnant
macromolecular synthesis, which leads to bacterial drug resistance.

Nutrition restriction is one of reasons that are responsible for slow cell growth.
The mechanism of nutrition restriction is closely related to the osmotic restriction.
Due to the existence of biofilm osmotic restriction, nutrients are not easy to pass
through biofilm, which leads to the lack of nutrition in biofilm and slows down the
growth rate of inner layer bacteria. This slow growth state of inner layer bacteria
also forms a protective mechanism, which reduces the susceptibility of bacteria to
antibiotics [24].

When the biofilm cells are exposed to antibiotics, the bacteria on the surface of
the biofilm are killed by the drug, and the cells in the middle and deep layers of the
biofilm are not affected. After the antibiotic treatment stops, the remaining bacteria
will use dead bacteria as nutrients to reproduce rapidly, which can only take a few
hours to reproduce [25, 26].
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3.3 Formation of persister cells

Delayed penetration of the antibiotics through the biofilm matrix and slow
rate of bacterial reproduction in biofilm cannot explain entirely the resistance of
biofilms to one important class of antibiotics, namely the fluoroquinolones. This
class of antimicrobial agents equilibrates across bacterial biofilms and exerts bac-
tericidal effect on nondividing cells [17]. Although a dose-dependent bactericidal
action was observed in P. aeruginosa biofilms by the fluoroquinolones ofloxacin and
ciprofloxacin, a further increase in the antibiotic concentration or a prolonged drug
action period did not improve killing rates after an initial 3- to 4-log drop bacterial
counts. This result suggested that a small portion of “persister” cells occurs after
administration of fluoroquinolones [17, 27, 28]. The most significant difference
between persisters and mutant resistant strains is that the drug resistance of persist-
ers is only a phenotypic variation without gene mutation, so this phenotype is not
genetic. These strains were collected, recultured, and detected the drug resistance.
It was intriguing that the drug resistance disappeared, and the minimum inhibitory
concentrations (MICs) were the same level as those of parent strains. Meanwhile,
the resistant strains caused by mutation showed a stable genetic drug resistance,
and MICs were higher than those of parent strains [28].

Persister cells in biofilms are considered to the key in the extraordinary survival
properties of biofilms. The dynamic features of biofilm formation and shedding of
cells from one biofilm to form a new biofilm may also explain the chronic nature
of biofilm infections and the need for extending antimicrobial agent treatment to
disturb the dynamics of biofilm formation [17].

4. Control strategies to S. epidermidis biofilm formation

Because the expression of toxins and other virulence factors is less in S. epider-
midis, the biofilm forming capacity is its major virulence factor. Biofilm growth
is characterized by high resistance to antimicrobial agents and host immune
responses, making biofilm eradication tremendously difficult. The increasing
prevalence of multidrug-resistant S. epidermidis strains additionally hampers
antimicrobial therapy. Therefore, targeting factors expressed at different phases in
biofilm formation might offer new tools to combat S. epidermidis infections.

4.1 Inhibition of initial attachment

The first step of biofilm formation is bacterial adherence to the host cell surface.
Direct binding to host cell surface is mediated by electrostatic and hydrophobic
interactions and van der Waals forces and affected by physicochemical variables [29].

Found in our research, after investigating the antibiofilm activities of spent
media from 185 Actinomycete strains using two S. epidermidis strains (ATCC 35984
and a clinical strain 5-121-2) as target bacteria, three strains of tested Actinomycete
(TRM 46200, TRM 41337, and TRM 46814) showed a significant inhibition against
S. epidermidis biofilm formation without affecting the growth of planktonic cells.
Effect of Actinomycete supernatants on cell surface hydrophobicity (CSH) of S. epi-
dermidis was measured by Microbial Adhesion to Hydrocarbon (MATH) assay. The
adhesion of staphylococci to n-hexadecane was used to measure the hydrophobicity
of S. epidermidis. All the crude proteins from spent media showed a reduction in the
CSH against S. epidermidis ATCC 35984 and 5-121-2, which explain at least in part
the inhibitory effect of Actinomycete supernatants on biofilm reduction [19].

105



Bacterial Biofilms

Moreover, apart from physico-chemical determinants, it was demonstrated
that the major autolysine AtIE is involved in attachment to polystyrene sur-
faces. Therefore, AtlE may be indirectly involved in cell adhesion via releasing
DNA. Treatment of S. epidermidis cells with DNasel was found to inhibit biofilm
formation at an early time point, suggesting that release of DNA also contributes to
the attachment of S. epidermidis to artificial surfaces [30]. In our research, we per-
formed the degradation of the crude proteins from spent media against S. epidermi-
dis DNA. The crude protein from spent media of TRM 46200 showed a significant
DNA-degradation activity. Importantly, the crude protein from spent medium of
TRM 41337 possessed the highest DNA-degradation activity as that of the positive
control, 10 pg/ml of DNasel [19].

S. epidermidis foreign-associated infections occurring early are thought to
involve direct interactions of the bacterial surface with host extracellular matrix
(ECM). Specific binding to surface ECM proteins involves cell wall-associated
adhesins known as MSCRAMM s (microbial surface components recognizing
adhesive matrix molecules) [31, 32]. The recent studies have shown that antibodies
against cell surface components of S. epidermidis can affect the rate of biofilm for-
mation or adherence of these bacteria to medical devices in vitro. Using polyclonal
antibodies against a fibrinogen-binding protein from S. epidermidis (Fbe) could
block adherence of S. epidermidis to fibrinogen-coated catheters in vitro [33, 34].
Consequently, all these surface-located components are good candidates for vaccine
development aiming at the inhibition of the initial attachment step of biofilm
formation.

4.2 Inhibition of bacterial accumulate

After adherence to the host cell surface, biofilms develop through intercellular
aggregation. The major factor involved in intercellular adhesion is polysaccharide
intercellular adhesin (PIA). The de-acetylation of PIA is not only essential for
biofilm formation but also crucial for S. epidermidis virulence [29]. Hence, PIA was
one of the first targets evaluated in view of biofilm-inhibiting S. epidermidis vaccine
development. Pier and coworkers have significantly contributed to the evalua-
tion of PIA as vaccine target. Following the evidence, high-molecular-weight PIA
could elicit an antibody response accompanied by opsonophagocytic killing of the
PIA-dependent biofilm-forming S. epidermidis M187 and three S. aureus strains. The
PIA-specific antibodies can prevent biofilm formation or retard already initiated
biofilm development [35].

PIA biosynthesis depends on the expression of the icaADBC operon, which
is controlled by a complex regulatory network. Gomes et al. studied the effect of
rifampicin+gentamicin and rifampicin +clindamycin combinations on the expres-
sion of icaA and rsbU genes, responsible for poly-N-acetylglucosamine/polysaccha-
ride intercellular adhesin (PNAG/PIA) production. The results demonstrated that
this combinatorial therapy can cause a lower genetic expression of the two specific
genes tested and consequently can reduce biofilm formation recidivism [36, 37].

Nevertheless, S. epidermidis strains lacking icaADBC but still producing biofilm
were isolated, indicating the existence of an ica-independent mechanism of cell
accumulation. A proteinaceous intercellular adhesin involved in cell accumulation
during biofilm formation was discovered. The accumulation-associated protein
(Aap) can functionally substitute PIA as an intercellular adhesin, and there is good
evidence that additional proteinaceous intercellular adhesins must exist. They
showed that monoclonal antibodies against Aap can significantly reduce the accu-
mulation but not initiation phase of S. epidermidis biofilm formation in vitro [38].
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Biofilm formation is a result of bacterial interactions and group behavior.
Quorum sensing (QS) is one of the regulatory mechanisms suggested to be involved
in coordinating biofilm formation. The QS system is a cell-to-cell communication
system used by many bacteria to assess the cell density. Quorum sensing inhibitors
(QSI) could be a novel way to fight biofilm-associated infections. The study has
identified furanones and thiophenones as inhibitors of quorum sensing and biofilm
formation. In this study, the effect of both the furanone and the thiophenone could
be abolished by the synthetic Autoinducer-2 (AI-2) molecule (S)-4,5-dihydroxy-
2,3-pentanedione (DPD), indicating that furanone and thiophenone affect biofilm
formation through interference with bacterial communication [39].

4.3 Promotion of biofilm detachment

For the biofilm that has been formed on the surface of the host, if the biofilm
can be separated by antibacterial oranti-biofilm substances, the bacteria in the
biofilm can be released, and the planktonic bacteria are more easily to be killed if
the biofilm is exposed to antibiotics. Biofilms are composed primarily of microbial
cells and extracellular polymeric substance (EPS). EPS may account for 50-90%
of the total organic carbon of biofilms and can be considered the primary matrix
material of the biofilm. The components of EPS include polysaccharides, nucleic
acids, lipids, and proteins [36].

We initially determined the dependent type of biofilm formation by S. epider-
midis ATCC 35984 and 5-121-2. The biofilm formation by S. epidermidis ATCC
35984 mainly depends on EPS consisting of reducing polysaccharides in which
dihydroxyl groups are unsubstituted. Thus, sodium-meta-periodate, which specifi-
cally destroys sugars containing unsubstituted dihydroxyl groups, significantly
decreased biofilm formation in S. epidermidis ATCC 35984. However, not only EPS
but also proteins, eDNA, are responsible for the biofilm formation of S. epider-
midis 5-121-2. Moreover, EPS in S. epidermidis 5-121-2, which mainly consists of
nonreducing polysaccharides, is distinct with those in S. epidermidis ATCC 35984.
Thus, three enzymes specific to nonreducing glycosides, amylase, f-glucanase, and
p-glucosidase, worked effectively in the degradation of EPS, resulting in biofilm
reduction in S. epidermidis 5-121-2 [19].

Since extracellular polysaccharides are the main compounds in biofilm matri-
ces, namely in S. epidermidis, antimicrobial substances able to disrupt or inhibit
EPS are of major interest. N-acetylcysteine (NAC) is an amino acid with strong
antioxidant, antimucolytic, and antibacterial properties. As observed by research-
ers, NAC decreased biofilm formation and reduced the formation of extracellular
polysaccharide matrix while promoting the disruption of mature biofilm. NAC
has demonstrated not only to reduce adhesion but also to detach bacterial cells
adhered to surfaces and to inhibit bacterial growth in vitro. The possible action of
NAC in the biofilm matrix can result in the release of cells either individually or in
cell clusters, becoming the biofilm and loose cells more exposed and susceptible
to the host immune system and to other antimicrobial agents [40]. Kaplan et al.
found an enzyme called dispersin B, which can promote biofilm detachment
from Actinobacillus actinomycetemconitans, which rapidly and effectively removes
biofilms formed by S. epidermidis on the host surface. Dispersin B is a $-1,6-N-
Acetylglucosaminidase that causes S. epidermidis to detach from the biofilm matrix
by degrading PIA [41].

Our results showed that EPS in S. epidermidis ATCC 35984 and 5-121-2 was
degraded by crude proteins from three Actinomycete strains (TRM 41337, TRM
46200, and TRM 46814) supernatants. Specifically, for the strain ATCC 35984
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when treated with crude proteins from spent medium of the strain TRM 41337,
arabinose (Ara) was absent in the monosaccharide composition compared with the
control. Furthermore, the proportion of mannose (Man) was decreased, while the
proportions of glucosamine (GluN), galactosamine (GalN), and galactose (Gal)
were increased. When treated with crude proteins from spent medium of the strain
TRM 46814, three new monosaccharides, rhamnose (Rha), glucuronic acid (GluA),
and galacturonic acid (GalA), appeared. Additionally, the proportions of Man and
glucose (Glu) decreased obviously. For the strain 5-121-2, when treated with crude
proteins from spent media of TRM 41337 and TRM 46814, a new monosaccharide,
Rha, was present [19].
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Combating Biofilm and Quorum
Sensing: A New Strategy to Fight
Infections
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Abstract

Biofilms are structured aggregates of bacterial cells that are embedded in self-
produced extracellular polymeric substances. Various pathogens initiate a disease
process by creating organized biofilms that enhance their ability to adhere, replicate
to accumulate, and express their virulence potential. Quorum sensing, which
refers to the bacterial cell-to-cell communication resulting from production and
response to N-acyl homoserine lactone signal molecules, also plays an important
role in virulence and biofilm formation. Attenuation of microorganisms’ virulence
such that they fail to adapt to the hosts’ environment could be a new strategic fight
against pathogens. Thus, agents or products that possess anti-biofilm formation
and/or anti-quorum sensing activities could go a long way to manage microbial
infections. The incidence of microbial resistance can be reduced by the use of
anti-biofilm formation and anti-quorum sensing agents.

Keywords: biofilm, quorum sensing, bacteria, acyl homoserine lactone

1. Introduction

Biofilm is a population of cells growing on a surface and enclosed in an exopoly-
saccharide matrix [1]. The physiology, structure and chemistry of the biofilm vary
with the nature of its resident microbes and local environment [2].

Most important feature among biofilms is that their structural integrity critically
depends upon the extracellular matrix produced by their constituent cells. They are
notoriously difficult to eradicate and are a source of many recalcitrant infections
[2]. Biofilms are associated with serious health issues stemming from persistent
infections due to the contamination of medical devices (intravenous and urinary
catheters), artificial implants and drinking water pollution among others [3].

Intercellular signaling, often referred to as quorum sensing (QS), has been
shown to be involved in biofilm development [4]. Quorum sensing relies on small,
secreted signaling molecules; much like hormones in higher organisms, to initi-
ate coordinated responses across a population and it contributes to behaviors that
enable microbes to resist antimicrobial compounds [5]. Quorum sensing signaling
activation can lead to antimicrobial resistance of the pathogens, thus increasing the
therapy difficulty of diseases [4].
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The key concern about biofilms is their contribution to the development of
resistance against antimicrobial agents, and with the on-going emergence of
antibiotic-resistant pathogens, there is a current need for development of alterna-
tive therapeutic strategies [6].

An anti-virulence approach by which quorum sensing is impeded could be a
viable means to manipulate bacterial processes, especially pathogenic traits that
are harmful to human and animal health and agricultural productivity [7]. Further
research into the identification and development of chemical compounds and
enzymes that facilitate quorum-sensing inhibition (QSI) by targeting signaling
molecules, signal biogenesis, or signal detection are required [7]. Anti-QS agents
can abolish the QS signaling and prevent the biofilm formation, therefore reducing
bacterial virulence without causing drug-resistant to the pathogens, suggesting
that anti-QS agents could be potential alternatives for antibiotics [8]. An effective
clinical strategy for treating bacterial diseases in the near future will be to combine
anti-QS agents with conventional antibiotics since this can significantly improve the
efficacy of therapeutic drugs and decrease the cost of human healthcare [9].

2. Microbial biodiversity in biofilm systems

Biofilms are mixed microbial cultures normally consisting predominantly of
prokaryotes with some eukaryotes. Thus, in addition to microbial cells, the sur-
rounding environment contains a range of macromolecular products in which exo-
polysaccharide secreted by the cells is the dominant macromolecular component,
while the water content is probably about 90-97% [10, 11]. Secreted products also
include enzymes and other proteins, bacteriocins, and low mass solutes and nucleic
acid released through cell lysis. The lysis may occur either naturally with cell aging
or through the action of phage and bacteriocins.

Opportunistic pathogens, viruses, parasitic protozoa, toxin releasing algae and
fungi and enteric bacteria e.g. Escherichia coli, Klebsiella pneumoniae, Klebsiella oxy-
toca, Enterobacter cloacae, Entevobacter agglomerans, Helicobacter pylori, Shigella spp.,
Campylobacter spp., Salmonella spp., Clostridium perfringens, Enterococcus faecium,
Enterococcus faecalis and environmental pathogenic bacteria like Legionella pneu-
mophila, Pseudomonas aeruginosa, Pseudomonas fluorescens, Aeromonas hydrophila,
Aeromonas caviae, Mycobacterium avium, Mycobacterium xenopi etc. are associated
with biofilms present in drinking water [12, 13].

Biofilms present complex assemblies of microorganisms attached to surfaces.
They are dynamic structures in which various metabolic activities and interactions
between the component cells occur [10]. Studies on microorganisms and biofilm
formation have revealed diverse complex social behavior including cooperation in
foraging, building, reproduction, dispersion and communication among microor-
ganisms [14]. The organisms within a biofilm setup may include a single or diverse
species of microorganisms. In the biofilm, bacteria can share nutrients and are
sheltered from harmful factors in the environment, such as desiccation, antibiotics,
and a host body’s immune system.

Bacteria, fungi, viruses, protozoa and cyanobacteria that are common pathogens
are all involved in biofilm formation [15].

2.1 Bacterial biofilms
About 99.9% of all bacteria live in biofilm communities [16]. A biofilm usually

begins to form when a free-swimming bacterium attaches to a surface. Pathogenic
organisms are found on most food items including seafoods and biofilm forming
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pathogens are found on such seafoods as crabs [17], pacific oysters [18], shrimps
[19] etc. Public health and clinical microbiologists recognize that biofilms are
present everywhere in nature and are responsible for a number of human infec-
tions. Infectious caused by microbial communities include urinary tract infections,
middle-ear infections, dental plaque, gingivitis, endocarditis, cystic fibrosis.
Biofilms on persistent indwelling devices such as catheter, contact lenses, heart
valves and joint prostheses are also responsible for many recurrent infections

[20, 21]. Biofilms on indwelling medical devices may be composed of Gram-positive
or Gram-negative bacteria. Bacteria commonly isolated from these devices include
the Gram-positive Enterococcus faecalis, Staphylococcus aureus, Staphylococcus epider-
midis, and Streptococcus viridans; and the Gram-negative Escherichia coli, Klebsiella
pneumoniae, Proteus mirabilis, and Pseudomonas aeruginosa [22]. It has been shown
that virtually all indwelling central venous catheters are colonized by microorgan-
isms embedded in a biofilm matrix. Among these S. epidermidis and S. aureus are
commonly present on cardiovascular devices [23], causing about 40-50% of infec-
tions related to heart valve [14].

The organisms that form biofilms on medical devices originate from patient’s
skin microflora, exogenous microflora from health-care personnel, or contaminated
infusates. Biofilms associated with catheters may initially be composed of single
species, but with the passage of time they become multi-specie communities. Some
urinary tract and bloodstream infections are also caused by biofilm-associated
indwelling medical devices with 50-70% of infections related to catheter [12].
Chronic infections, inflammation and tissue damage caused by many strains of
single species are often found in polymicrobial communities [24].

Bacteria that reside in a biofilm community usually will not grow when cultured,
a situation normally referred to as “viable, but not culturable”. The reason is that to
change to the planktonic state from a biofilm-producing phenotype, bacteria require
complex and specific environmental and signaling factors that are not available in a
culture plate [25]. This therefore suggests that analyzing biofilm samples for bacte-
rial infective agents during infections may show negative results and the real cause of
the infections may not be detected if culturing is the only investigative procedure.

2.2 Fungal biofilms

Many medically important fungi produce biofilms and they include Candida,
Aspergillus, Cryptococcus, Trichosporon, Coccidioides, and Pneumocystis. Candida albi-
cans biofilms are primarily made up of yeast-form and hyphal cells, both of which
are required for biofilm formation [26]. The formation of Candida albicans biofilm
follows a sequential process that involves adherence to a substrate (either abiotic
or mucosal surface), proliferation of yeast cells over the surface, and induction of
hyphal formation [27]. As the biofilm matures extracellular matrix (ECM) accumu-
lates. Many other Candida spp. form ECM-containing biofilms but do not produce
true hyphae and they include Candida tropicalis, Candida parvapsilosis, and Candida
glabrata [28]. Aspergillus biofilms can form both on abiotic and biotic surfaces and
the initial colonizing cells that adhere to the substrate are conidia. Mycelia (the
hyphal form) develop as the biofilm matures [29]. Aspergillus fumigatus produces
two forms of biofilm infections: Aspergilloma and Aspergillosis. Aspergilloma
infections present an intertwined ball of hyphae while aspergillosis infections pres-
ent individual separated hyphae [30].

Trichosporon asahii forms biofilms comprised of yeast and hyphal cells embed-
ded in matrix, as do those of Coccidioides immitis. Cryptococcus neoformans forms
biofilms consisting of yeast cells on many abiotic substrates [31]. Although
Cryptococcus neoformans forms hyphae in the course of mating, no hyphae have
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been observed in Cryptococcus neoformans biofilms. Similarly, Preumocystis species
do not produce hyphal structures as part of their biofilms [32]. Hyphal formation is
therefore, not a uniform feature of fungal biofilms.

2.3 Protozoan biofilms

Free-living protozoans are single celled eukaryotic organisms and are divided into
amoebae, flagellates and ciliates. All the three protozoan groups have been found in fresh
water biofilms. Although many different species are found in association with biofilms,
their level of association differs. The protozoans Cyclospora cayetanensis, Cryptosporidium
spp., and Toxoplasma gondii have all been found in biofilm communities [22].

2.4 Virus involvement in biofilms

Viruses are obligatory intracellular parasites and are found in communities
where cells in which they live are found. Viruses are, thus, found in biofilms com-
munities associated with the bacteria, fungi and protozoa they infect.

Many phages may produce polysaccharases or polysaccharide lyases. Some phages
are also known to produce enzymes that degrade the poly-Q-glutamic acid capsule of
Bacillus spp. [33]. Various structures including extracellular polymers and heterolo-
gous microbial cells may impede viral access to the bacterial cell surface. Phage may
carry on their surfaces enzymes that degrade bacterial polysaccharides including
those of biofilm structures. These enzymes are very specific and seldom act on more
than a few closely related polysaccharide structures [34]. Numerous phages have
been isolated which induce enzymes capable of degrading the exopolysaccharide of
various Gram-negative bacterial genera. These include phage for biofilm-forming
bacteria. It has been observed that the extracellular matrix of the biofilms does not
protect the bacterial cells from infection with phage T4 [35].

Many biofilms possess an open architecture with water-filled channels, which
would allow the phage access to the biofilm interior [36]. As biofilms age and cells
die and slough off, potential new viral receptor sites may become available. As
bacteria excel at adapting to differing nutrient conditions, changes to the host cell
surface could be expected with either loss or gain of possible phage receptors. A
further factor which might influence phage retention within biofilms lies in the role
of hydrophobic and electrostatic interactions. In the interaction of a coliphage with
both hydrophobic and hydrophilic membranes, a critical factor in the retention of
the phage was its iso-electric point [37].

In complex biofilms in natural environments, eukaryotic algae may also be
present [38]. Under these circumstances algal cell lysis through viral action is also
possible as many viruses for algal species have now been isolated and identified [39].

3. Biofilms in respiratory tract infections

It is becoming progressively more accepted that biofilm formation is an impor-
tant cause of morbidity in respiratory tract infections [40]. Biofilms may be involved
in some respiratory infections, including ventilator-associated pneumonia, bronchi-
ectasis, bronchitis, cystic fibrosis and upper respiratory airway infections [41].

3.1 Upper respiratory tract infections

Infectious diseases that affect the upper respiratory tract include otitis media,
sinusitis, tonsillitis, adenoiditis, pharyngotonsillitis, adenoiditis and chronic
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rhinosinusitis [42]. In otitis media, infections may be as a result of both respiratory
viruses and bacteria such as non-capsulated Haemophilus influenza, Streptococcus
pneumonia, Streptococcus pyogenes, Movaxella catarrhalis and Staphylococcus aureus,
triggering the appearance of polymicrobial biofilms [43].

The most cited reason for childhood visits to physicians is otitis media with
effusion (OME) and is again one of the most reasons for antibiotic therapy in
children. Even though OME is regarded as a sterile inflammatory process, current
data using a chinchilla model suggest that viable bacteria are present in intricate
communities referred to as mucosal biofilms [44]. It is interesting to know that
intracellular Haemophilus influenzae, Streptococcus pneumoniae, Staphylococcus aureus
and Moraxella catarvhalis in situ are found in adenoids from children going through
adenoidectomy for the treatment of hypertrophic adenoids or chronic otitis media
using Fluorescence in situ hybridization [45]. Haemophilus influenzae and intracel-
lular S. pneumoniae have also been in middle ear mucosal biopsies in children with
chronic otitis media [46].

Biofilms were seen in the sinus tissues of 72% of patients affected by chronic
rhinosinusitis and the cultured organisms identified included H. influenzae
(28%), P, aeruginosa (22%), S. aureus (50%), and fungi (22%). The presence of
bacterial biofilms was linked to persistent mucosal inflammation after endoscopic
sinus surgery [47]. Assessment of some chronic infections in the upper respira-
tory tract including recurrent tonsillitis and chronic rhinosinusitis in human
clinical specimens suggests that both attachment and aggregated bacteria are
present [48]. For instance, electron microscopy and culture were used to show
that biofilms were associated with the mucosal epithelium of tonsils in 73% of
tonsils removed for tonsillitis and 75% of those tonsils removed due to hypertro-
phic tonsils alone [49]. Calo et al. [42] found bacterial biofilms in recurrent and
chronic infectious diseases of the upper respiratory tract (adenoiditis, tonsillitis,
and chronic rhinosinusitis) and concluded that biofilms formation plays a role in
upper airway infections.

3.2 Tissue-related infections
3.2.1 Cystic fibrosis (CF)

Cystic fibrosis (CF) is a protracted disease of the lower respiratory tract.
The most frequent serious clinical complication in CF today is chronic endo-
bronchial infection with Pseudomonas aeruginosa. Pseudomonas aeruginosa is
a microorganism characterized by the capacity to produce large amounts of
alginate and developed as a biofilm where micro-colonies of bacteria embedded
in a matrix of alginate attack the lower respiratory tract [42]. Cystic fibrosis
occurs as a result of a mutation in the CF transmembrane conductance regulator
gene that encodes a cyclic AMP-regulated chloride ion channel. The mutation
causes defective ion transport across epithelial cell surfaces in the upper air-
ways, interfering with the removal of particles and microbial cells trapped in
the overlying mucus and causing increased susceptibility to bacterial infection.
Therefore, the airways of patients with CF are almost always infected with dif-
ferent bacterial species, but P. aeruginosa infection causes the greatest problem
of morbidity and mortality [43]. Pseudomonas aeruginosa is the most common
bacterial species that causes respiratory tract infection in CF patients and can be
seen in about half of all cases and in up to 70% of adults [44]. Other pathogens
such as Staphylococcus aureus, Achromobacter xylosoxidans, Burkholderia cepacia
complex and Stenotrophomonas maltophilia have also been found to cause CF and
are linked to biofilm formation [45].
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3.2.2 Cystic fibrosis with chronic lung infections

A major difficulty in this type of infection is contamination of lower respira-
tory secretions with the normal oropharyngeal flora, particularly as members of
the normal flora (e.g. Haemophilus influenzae, Staphylococcus aureus, Streptococcus
pneumonia and Moraxella catarvhalis) are common lung pathogens in CF [46, 47].
The incidence of bacterial lung infections in CF is high because the mucoid polysac-
charidic material that accumulates on the respiratory epithelium due to the fact that
impaired mucociliary removal in the bronchi of such patients favors biofilm forma-
tion. The capacity of Pseudomonas aeruginosa to form biofilms is believed to be the
primary reason for its survival in the CF lung, despite a high inflammatory response
and intensive antibiotic treatment [48]. Chronic airway infections cause an increase
deterioration of lung tissue, a decline in pulmonary function and, finally, respira-
tory failure and death in cystic fibrosis (CF) patients [49].

3.2.3 Chronic obstructive pulmonary disease (COPD)

The role of biofilms in patients with COPD has not been directly validated but
has been hypothesized considering the evidence showing that the respiratory tracts
of these patients are frequently colonized by pathogens. Murphy and Kirkham [50]
have recently confirmed that biofilms do play a role in COPD where they identified
major outer membrane proteins of Non-typeable H. influenzae during its growth as
a biofilm. Even if direct proof of biofilm formation iz vivo is lacking, biofilms may
reasonably be considered to be involved in the vicious cycle of infection/inflamma-
tion leading to disease development in patients with COPD [51].

3.2.4 Non-cystic fibrosis bronchiectasis

In bronchiectasis not due to cystic fibrosis, infections result in changes in the
muscular and elastic components of the bronchial wall, which become distorted and
expanded. Airways gradually become unable to clear mucus, leading to serious lung
infections, which in turn cause more damage to the bronchi [52]. Recently biofilm
formation has been demonstrated i vivo and is assumed to play a significant role in
the pathophysiological cascade of the disease [53]. Bacterial biofilm formation by
Pseudomonas aeruginosa or Klebsiella pneumoniae is common in bronchiectasis and
could be an essential factor that makes infections in bronchiectasis obstinate. Other
pathogens such as Prevotella sp., Veillonella sp. and Neisseria sp. have also been identi-
fied recently in patients with bronchiectasis to form biofilms [54].

3.2.5 Bronchitis

Prolonged bacterial bronchitis may be caused by chronic infections of the
respiratory tract. In children especially, the condition appears to be secondary to
impaired mucociliary removal that produces an environment favorable for bac-
teria to become established, usually in the form of biofilms. The most commonly
involved bacteria include Haemophilus influenzae (30-70%), Moraxella catarrhalis
and Streptococcus pneumonia [55].

3.2.6 Diffuse pan-bronchiolitis
Diffuse pan-bronchiolitis (DPB) is an unusual inflammatory lung disease of

unknown etiology found in adult Japanese patients. With this disease, chronic
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endobronchial infection with Pseudomonas aeruginosa biofilms leading to
respiratory failure is common. It is a severe, progressive form of bronchiolitis
(Inflammation and congestion in the bronchioles of the lung) [56].

3.3 Device-related infections

In device-related infections such as ventilator-associated pneumonia (VAP),
biofilms result in microbial persistence and reduced response to treatment.
Biofilm formation within the first 24 h after intubation has been reported in
95% of endotracheal tubes [57]. Pathogens in both endotracheal tube bio-
film and secretions accrued within the airways/endotracheal tubes in 56 to
70% of patients with VAP have been reported. Pseudomonas aeruginosa and
Acinetobacter baumannii are the most common bacteria that colonize these
devices [57].

3.4 Biofilm forming organisms associated with respiratory tract infections

This section presents the role of biofilms in respiratory tract infections, with
specific emphasis on the biofilms formed by Pseudomonas, Staphylococcus, and
Haemophilus, the primary pathogens associated with respiratory tract infections
[58] although additional important pathogens, including Streptococcus pneumoniae,
Bordetella and Mycobacterium species do play a role [59].

3.4.1 Biofilms formed by Pseudomonas aeruginosa

Pseudomonas aeruginosa is a recognized common pathogen in respiratory tract
infections although other members of the genus Pseudomonas are able to form
biofilms [7]. Respiratory infections caused by P. aeruginosa are a major globally
clinical issue, especially for patients with chronic pulmonary disorders, such as
those with cystic fibrosis (CF), non-CF bronchiectasis, severe chronic obstruc-
tive pulmonary disease (COPD) and ventilator-associated pneumonia [60]. This
bacterium is a difficult opportunistic pathogen that readily forms biofilms on
most surfaces [5]. The intricate steps of biofilm formation by P. aeruginosa are
considered to be a developmental process. The stages of P. aeruginosa biofilm
formation can be seen by several strategies. One easy technique is the scanning
electron microscope (SEM) of P. aeruginosa grown on glass surfaces or tracheal
explants. Biofilms form when planktonic P. aeruginosa bacteria get attached to a
surface using adhesins such as type IV fimbriae and flagella, and begin to colo-
nize. In this regard type IV fimbriae and flagella P. aeruginosa mutants are severely
compromised in initiation of biofilm formation [58, 61]. Additionally, the process
of surface translocation mediated by type IV fimbriae (twitching motility) is
essential for initiation of biofilm formation by P. aeruginosa [58]. Most probable,
twitching motility confers synchronized cell movement along the surface as well
as cell-cell communications that lead to the formation of micro-colonies. The
coordination of events for the initiation and formation of biofilms requires cell-
cell interactions that are mediated by quorum sensing [62]. Following this, the
micro-colonies mature into distinctive three-dimensional structures that pose the
most severe scenario for clinical treatment. This structure is typically trapped in a
matrix material that may be composed of protein, polysaccharide, or nucleic acid.
Nonetheless, it has been proposed guluronic and mannuronic acids [63] are the
major constituents of the biofilm matrix [64]. Recent data also suggest that DNA
also contributes to this matrix [60].
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3.4.2 Biofilms formed by Staphylococcus species

The adherence of Staphylococcus directly to an implanted device (intravascular
catheters, prosthetic devices, and other indwelling medical devices) or indirectly
via host proteins is the first step in the development of a biofilm. This is followed
by a buildup of multilayered cell clusters on the polymer surface [65]. When
Staphylococcus bacteria get within 50 nm of a surface, they adhere through hydro-
phobic interactions, van der Waal’s forces, and when present, fimbriae and pili
also contribute to its adhesion [66]. A biofilm-associated protein (Bap) is reported
to contribute to S. aureus biofilm formation. The second phase of Staphylococcus
biofilm formation is the accumulation of complex cell clusters mediated by inter-
cellular adhesion. A 140 kDa extracellular protein, known as the accumulation
associated protein (AAP), appears responsible for accumulative growth on polymer
substances [67]. It has been hypothesized that AAP is involved in anchoring the
polysaccharide adhesion PIA (polysaccharide intercellular adhesion) to the cell sur-
face [63]. The extracellular polysaccharide adhesion antigen PIA is a well-described
polysaccharide antigen that is linked to cellular aggregation or clustering. Lastly,
the generation of a slime glycocalyx is believed to be the climaxing event in the
staphylococcal biofilm developmental process. This slime layer is not essential for
surface colonization and appears variable between strains. However, when present,
the slime layer protects the bacteria from host defenses and some antibiotics. As in
P, aeruginosa, organization of complex communities within Staphylococcus biofilms
is a coordinated effort and requires cell-cell communication [68].

3.4.3 Biofilms formed by Haemophilus influenzae

Non-typeable H. influenzae (NTHI) strains are members of the normal human
nasopharyngeal flora, as well as frequent opportunistic pathogens of both the upper
and lower respiratory tracts. It is an important cause of otitis media in children
and lower respiratory tract infection in adults with chronic obstructive pulmonary
disease (COPD). Recently, it has been shown that NTHI can form biofilms both in
vitro and in vivo [69]. Considerable diversity in the ability of NTHi isolates to form
biofilms has also been reported. A NTHi pilus defective strain was reduced three-to
four fold in biofilm formation compared with its isogenic parental NTHi isolate,
signifying a role of the pilus in biofilm development. Although this is the case for
other gram-negative bacteria [70], nonetheless, it is quite clear that NTHi strains
have the ability to form biofilms both iz vitro and in vivo [69]. Earlier studies of
cell envelopes during growth of H. influenzae as a biofilm established an increased
abundance of a ~30 kDa protein [58], peroxiredoxin-glutaredoxin (PGdx) [71], that
is expressed by H. influenzae during biofilm growth and this probably contributes to
its persistence in the upper respiratory tract infections.

3.4.4 Biofilms formed by other microorganisms

Streptococcus pneumoniae: Streptococcus pneumoniae is a frequent colonizer of
the human nasopharynx and a significant human respiratory pathogen that causes
a variety of diseases such as community-acquired pneumonia and otitis media in
children [72]. Colonizing pneumococci form well-ordered biofilm communities in
the nasopharyngeal environment, but the exact role of biofilms and their interac-
tion with the host during colonization and disease is not yet explicit [73]. However,
investigators have speculated that pneumococci form biofilms in the nasopharynx
in vivo [74]. Recently, pneumococci have been reported for the first time to form
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highly structured biofilms during colonization of the murine nasopharynx [75].
Mice were also inoculated intranasally with the pneumococcal strain EF3030,

a clinical isolate known to be non-invasive and an efficient colonizer in murine
models, and found to form biofilms [76].

Bordetella species: Bordetellae are respiratory pathogens that infect both humans
and animals. Bordetella bronchiseptica causes asymptomatic and long-term to life-
long infections in animal nasopharynges while the human pathogen, B. pertussis is
the etiological agent of the acute disease whooping cough in infants and young chil-
dren. One proposed hypothesis to explain the survival and continued persistence
of Bordetella spp. in the mammalian nasopharynx is that these organisms produce
surface-adherent communities known as biofilms [77]. Researchers have recently
established the ability of the three classical Bordetella species (Bordetella pertussis,
Bordetella bronchiseptica, and Bordetella parapertussis) to form biofilms on abiotic
surfaces [78]. It is assumed that Bordetella biofilm formation may play a role in the
pathogenic cycle, precisely in persistence within the nasopharynx [79]. The capac-
ity to form biofilms in mice suggests a role for Bordetella mode of existence during
human infections. Clusters and tangles (reminiscent of biofilms) of Bordetella
pertussis adherent to ciliated cells in explant cultures and tissue biopsies of pertus-
sis patients have been documented [79]. As reported for other biofilm-forming
organisms, extracellular DNA and exopolysaccharide are vital for biofilm formation
by Bordetella bronchiseptica. The observation of biofilm-like structures in vivo in
the nasal epithelium of Bordetella bronchiseptica infected mice showed that these
communities expressed a polysaccharide essential for in vivo biofilm development
[75, 76]. In Bordetella, BvgAS-regulated factors, including the filamentous hemag-
glutinin and adenylate cyclase, may also contribute to biofilm formation [79].

Mycobacterium species: Mycobacterial infections have been shown to form
biofilms, most notably Mycobacterium tuberculosis, which under the conducive
environments, can self-assemble. Among the non-tuberculous mycobacteria,
Mycobacterium avium complex (MAC) and the rapidly growing mycobacteria,
including Mycobacterium abscessus complex, have been reported to produce biofilms
either i vitro or in environmental reservoirs [80], but iz vivo conditions have not
been investigated. Mycobacterium abscessus complex is an evolving threat to patients
with cystic fibrosis [81], that become infected at an early stage and worsens clini-
cally as the persistent infection results in inflammation and tissue damage.

4. Quorum sensing

In the control of microbial infections, two strategies are normally envisaged;
killing the organisms or attenuation of the organisms’ virulence such that they
fail to adapt to the host environment. The former approach is what is generally
favored; the latter lacks specific targets for rational drug design. It has, however,
been realized that Gram-negative bacteria use small molecules known as acyl
homoserine lactones to regulate the production of secondary metabolites and
virulence factors, and this could offer a novel target to address the strategy of
attenuating the organisms’ virulence thereby impairing their adaptation to the host
system. Recent research has highlighted the importance of cell-to-cell interactions
or communications, referred to as Quorum Sensing (QS), in microorganisms. Many
bacterial species employ a complex mechanistic communication system to transmit
information among themselves. Bacteria can act in response to a variety of chemical
signals produced by the same species along with others produced by other species,
and this provides a way for intraspecies and interspecies cross-communication
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and interruption of signals. The ability of bacteria to dispatch, pull together, and
process information allow them to act as “multicellular” organisms and enhance
their survival in complex environments [82].

Any mechanism capable of disrupting QS signals can be used to reduce survival
of the microorganism thereby preventing or reducing virulence in the host environ-
ment. Such methods of interruption of the QS include:

* Disruption of biosynthesis of signal molecules,

* Application of QS antagonists (e.g. use of extracts from higher plants and algae
and other chemical compounds),

* Chemical inactivation of quorum sensing signals,
* Biodegradation of signal molecule.

Agents capable of inhibiting the growth of microorganisms or disrupting the
quorum sensing mechanisms of the microorganisms or interrupting the biofilm
formation may be useful in the fight against microbial pathogenicity.

4.1 Anti-quorum sensing activity

It has now become apparent that different types of microorganisms have evolved
the ability to recognize and act in response to the presence of other microorganisms
in their neighborhood. Most Gram-negative bacteria produce and respond to N-acyl
homoserine lactone (AHLs) signal molecules to regulate production of secondary
metabolites in order to monitor their own population density. These molecules, at
a threshold population density, act together with cellular receptors and elicit the
expression of target genes such as those involved in virulence, antimicrobial pro-
duction, motility and swarming, sporulation, bioluminescence and biofilm forma-
tion. The concept of quorum sensing (QS) was initially described in Vibrio fischeri,
a luminescent marine bacterium. It was observed that the organisms express genes
controlling light emission (the luciferase enzyme) when in symbiotic association
with its hosts, the squid [83]. At low population densities (i.e. free-living in seawa-
ter) Vibrio fischeri does not express luciferase and so is non-luminescent. However,
when cultured in the laboratory to high cell densities, they express bioluminescence
with a blue-green light. They do not emit light unless they detect a concentration
high enough of their own AHL. These organisms usually form symbiotic relation-
ships with some fish and squid species such as Euprymna scolopes. Euprymna scolopes
appears bioluminescent in dark surroundings because of high-population of the
cells (Vibrio fischeri) in a specialized light organ. Euprymna scolopes, in return, offers
nutrients to the Vibrio fischeri population. The QS system originally identified in
Vibrios involved two genes, luxl and luxR. The Luxl codes for an enzyme, which
synthesizes 3-oxo-C6-homoserine lactone (an auto-inducer as they are produced by
the same cells whose metabolism they regulate) [82].

The unpleasant side effects of antibiotics (such as ototoxicity and nephrotoxic-
ity associated with the aminoglycosides) have led to preference for preventive
rather than curative approach towards fighting infectious diseases. Inhibition of
quorum sensing activity has been hypothesized as one approach that can be use-
ful in preventing bacterial infection. It could provide an additional approach to
antibiotic mediated bactericidal or bacteriostatic activity thereby reducing the
risk of successful establishment of infections or resistance development in the
bacteria. This is supported by the protective effect of QS inhibition demonstrated
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in animal infection models. A simple animal infection model on QS was launched in
Caenorhabditis elegans, a nematode that feeds on bacteria. When fed on opportunis-
tic pathogens such as P, aeruginosa, the worm was mostly destroyed within a short
time after taking in the bacteria; presumably annihilated by the actions of cyanide
and phenazines produced by the bacteria [84]. However, in instances where the
worms ingested P. aeruginosa with mutations in the QS-controlling systems, they
were not killed but were rather sustained on the bacteria. This model highlights the
involvement of QS-regulated virulence factors in pathogenicity of Pseudomonas
aeruginosa. It is obvious from such models that interruption of the QS apparatus

of bacteria by plant extracts or other chemical compounds may offer a novel and

an exciting approach to fight the existing problems associated with antimicrobial
chemotherapy.

Many bacteria produce AHL molecules in response to QS and so could be used
as biomonitor organisms in screening of compounds for anti-QS activity. Such
bacteria include Chromobacterium violaceum, Evwinia cavotovora and Pseudomonas
aeruginosa.

5. Medicinal plants with biofilm inhibition activity

Natural products have been identified to inhibit biofilm formation in micro-
organisms. The exact mechanism for most of the agents is yet to be elucidated.
Medicinal plants have been identified as rich source of bioactive compounds that
have the capability of interfering with biofilm formation but most of these studies
are still in the early stages of drug development. The anti-biofilm effects of medici-
nal plants have been proposed to be due to the inhibition of formation of polymer
matrix, suppression of cell adhesion and attachment, interruption of extracellular
matrix formation and reduction in virulence factors production and activation,
thereby blocking QS network and biofilm development [85].

Medicinal plants belonging to various plant families reported to have biofilm
inhibitory activity are listed in Table 1; the part of the plant (leaves, fruits, stem

Plant name Family Partused Solvent Biofilm Reference
inhibition
activity
Punica granatum Lythraceae Fruit Methanol Inhibit biofilm [86]
L formation in E.
coli by 70% at
150 pg/mL
Salvia fruticosa Lamiaceae Aerial Ethanol Inhibit biofilm [87]
Mill. parts formation
by 60.9% at
0.78 mg/mL
Vaccinium Ericaceae Fruit Decoction Reducing 47% [88]
corymbosum L MRSA biofilm
viable counts.
12.5 mg/mL
Commelina Commelinaceae Whole Distilled Inhibited [89]
benghalensis L. plant water the biofilm
formation at
250 pg/mL
Curcuma longa L. Zingiberaceae Rhizome Aqueous Removed 30 to
40% of biofilm

at 5-0.63 pg/mL
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Plant name Family Partused Solvent Biofilm Reference
inhibition
activity
Euphorbia hirta Euphorbiaceae Aerial Methanol Biofilm [90]
L. parts inhibition and
eradication
activity against
P, aeruginosa
observed at 0.25
and 0.5 mg/ml,
respectively
Terminalia Combretaceae Dried Ethanol Inhibition [91]
bellirica fruit biofilm
(Gaertn.) Roxb formation by
89.8 and 92.2%
at125and
250 pg/mL,
respectively
Azadirvachta Meliaceae Leaf Distilled Reduced biofilm [92]
indica A. Juss water completely by
35% at 5% w/v
Commiphora Burseraceae Stem bark Distilled Inhibition of [93]
leptophloeos water cell adhesion
(Mart.) J.B. Gillet above 80% at
4.0 mg/mL
Bauhinia Fabaceae Fruit Distilled Inhibition
acuruana water of biofilm
(Moric) formation was
determined to
be 77.8 + 5.0%
at 4.0 mg/mL
Camellia sinensis Theaceae Leaves Ethanol Inhibited the [94]
(L.) Kuntze cell adhesion by
78.7% 0.5%w/v
Table 1.

Medicinal plants with anti-biofilm activity.

bark, rhizome) used, the various solvents used for extraction and their ability to
inhibit cell adhesion or to eradicate biofilm formed by different pathogens have
been mentioned.

6. Conclusion

Combatting biofilm and quorum sensing is a good strategy to reduce microbial
pathogenicity and thus fight infections. This can be achieved by finding effective
agents that can inhibit biofilm formation and disrupt quorum sensing mechanisms.
Natural products particularly medicinal plants are a rich source of bioactive com-
pounds that have served as useful leads in the development of drugs. Rigorous
evaluation of medicinal plants can therefore lead to novel anti-biofilm and anti-
quorum sensing agents.
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Chapter 9

Antibiotic Resistance in Biofilm

Sadik Dincer, Fatima Masume Uslu and Anil Delik

Abstract

Biofilms can be found on several living and nonliving surfaces, which are
formed by a group of microorganisms, complex assembly of proteins, polysac-
charides, and DNAs in an extracellular polymeric matrix. By forming a biofilm,
bacteria protect themselves from host defense, disinfectants, and antibiotics.
Bacteria inside biofilm are much more resistant to antimicrobial agents than
planktonic forms since bacteria that are unresisting to antimicrobial agents in
any way can turn resistant after forming a biofilm. Low penetration of antibiotics
into the biofilm, slow reproduction, and the existence of adaptive stress response
constitute the multiphased defense of the bacterium. This antibiotic resistance,
which is provided by biofilm, makes the treatments, which use effective antibiotic
doses on the bacterium in planktonic shape, difficult. Biofilm formation potential
of bacteria appears as an important virulence factor in ensuring the colonization
on the living tissues or medical devices and makes the treatment difficult. The aim
of this chapter is to overview the current knowledge of antimicrobial resistance
mechanisms in biofilms.

Keywords: biofilm, antibiotic resistance, bacteria, antimicrobial agents

1. Introduction

Bacteria can grow in biofilms on a wide variety of surfaces and attach to inert
or alive surfaces, including tissues, industrial surfaces, and artificial devices,
such as catheters, intrauterine contraceptive devices, and prosthetic medical
devices, implants, cardiac valves, dental materials, and contact lenses [1, 2].
Biofilm growth confers several advantages to bacteria, including protective
against hostile environments conditions such as osmotic stress, metal toxicity,
and antibiotic exposure.

Biofilm-associated drug resistance and tolerance play a major role in the
pathogenesis of many subacute and chronic bacterial diseases and their recalci-
trance to antibiotic treatment, especially in medical device-related infections.

The definition of biofilm has been made with the development of new tech-
niques for the direct examination of biofilms over the last four decades. Initially,
a biofilm was defined as the composition of bacterial communities bound to
coated surfaces in a glycocalyx matrix; subsequently, the correct definition of
biofilm was made not only by considering its easily observable properties, such as
cells irreversibly attached to a surface or interface embedded in an extracellular
polymeric matrix material, but also by taking into account other physiological
properties of these organisms such as altered growth rate and different gene
expression [3].
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A biofilm can be described as a microbially derived sessile community character-
ized by cells. These cells are irreversibly attached to a surface or interface or to each
other, are inserted in a matrix of extracellular polymeric substances (EPSs) that
they have produced, and exhibit an altered phenotype in terms of growth rate and
gene transcription [4].

EPSs consist of proteins, cellulose, alginates, extracellular teichoic acid, poly-N-
acetyl, and other organic compounds [4, 5] and play a critical role in the formation
of glucosamine, lipids, nucleic acids, phospholipids, polysaccharides, and extracel-
lular DNA (eDNA) and in physical interactions [4].

The stages that occur during the biofilm development are the initial attachment
of the planktonic cell to the surface, followed by cell differentiation, EPS secretion,
maturation, and dispersion of biofilm [6]. It can be summarized in three main
stages: irreversible adhesion to the surface, being followed by bacterial division
and production of the extracellular matrix, and, finally, disassembly of the matrix
and dispersion of bacteria [2]. Quorum Sensing (QS) is one of the regulatory
mechanisms that plays an important role in coordinating biofilm formation in
many species but QS may not be the primary regulatory mechanism and serves as a
checkpoint during the development of biofilm [6].

2. Causes of antibiotic failure in biofilm

Antibiotic resistance is the acquired ability of a microorganism to resist the
effect of an antimicrobial agent and is associated with inheritable antibiotic
resistance. On the other hand, antibiotic tolerance is a transient and nonheritable
phenotype defined by the physiological state of biofilm cell populations. Also it
can be provided by biofilm-specific characteristics that limit drug diffusion and
activity [7]. For an antimicrobial agent to act on biofilm-forming microorganisms,
it must overcome some factors, such as an increased number of resistant mutants,
high cell density, molecular exchanges, substance delivery, efflux pump, and
persistent cells.

2.1 Antibiotic penetration

Antibiotic molecules ought to penetrate throughout the biofilm matrix to impact
the covered cells. The extracellular polymeric matrix influences the amount of the mol-
ecule, which is transferred to the inner layer of biofilm and interacts with an antibiotic
agent, so it provides an anti-spread barrier for an antimicrobial agent. Biofilm EPS
confers a physical barrier containing numerous anionic and cationic molecules such
as proteins, glycoproteins, and glycolipid that can bind charged antimicrobial agents
and provide shelter for microorganisms [8]. For example in Pseudomonas aeruginosa
biofilms, Pel exopolysaccharides, an EPS component is able to spread cationic antibiot-
ics such as aminoglycosides and, thus, provides tolerance to these molecules [9].

The adsorption sites of the matrix also limit the transportation of antimicrobial
substances. Glycocalyx layer, component of EPS, can accumulate antibacterial
molecule up to 25% of its weight and serve as an adherent for exoenzymes [10].

It is commonly accepted that in written materials lowered antibiotic penetration
toward the EPS layer does not adequately clarify the risen resistance of microor-
ganisms forming biofilm against most antimicrobial agents. The act of lowered
antibiotic penetration in developing biofilm is not clear due to the fact that even
antibiotics, which quickly disperse the biofilm, do not lead to notable cell death.

It is suggested that reduction of antibiotics penetration might provide time for an
adaptive phenotypic response, which can probably reduce susceptibility [11].
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2.2 Accumulation of antibiotic-degrading enzymes in the matrix

The microorganisms that form biofilm are able to collect high amounts of
B-lactamases in the biofilm matrix as a defense mechanism.

When P, aeruginosa biofilm matrix accumulates p-lactamases, it can lead
to increased hydrolysis of antibiotics, such as imipenem and ceftazidime. It is
demonstrated that P. aeruginosa PAO1-J32 biofilms have shown high promoter
(ampC B-lactamases) activity, which is determined by scanning confocal laser
photomicrographs [12]. Also, while ampicillin cannot reach the deeper layers of
Klebsiella pneumoniae biofilms associated with B-lactamase activity, deletion of
p-lactamase increases the amount of ampicillin that reaches the deep layer [13].

2.3 DNA in biofilm matrix

Extracellular DNA (eDNA) is a significant and common component ingredient
of the bacterial biofilm matrix. The eDNA can be obtained endogenously without
quorum sensing-mediated release, from the outer membrane or from the cell
integrity-degraded biofilm microorganisms [14]. DNA can increase biofilm resis-
tance to certain antimicrobial agents [15].

One of the mechanisms by which the DNA increases biofilm resistance is that it
causes changes in outer membrane because DNA is an anionic molecule; it is able to
chelate cations, such as magnesium ions and cause a lowering Mg** concentration in
membrane. Magnesium restriction in P. aeruginosa and Salmonella enterica serovar
Typhimurium is an environmental signal that induces energizing of the two-com-
ponent systems PhoPQ and PmrAB to provide antimicrobial resistance [16].

These signal molecules are responsible for the rearrangement of the PA3552-3559
operon. The operon encodes to protein having enzymatic activity that attaches ami-
noarabinose to Lipid A part of the lipopolysaccharide layer, so it provides resistance
against cationic peptide and aminoglycoside [17].

A polyamine, spermidine, localized to the outer membrane contributes to saving
the cell from aminoglycosides and cationic peptides that are antimicrobial agents
by lowering outer membrane penetrability for these positively charged molecules.
Spermidine synthesis is another resistance mechanism induced by eDNA-associated
cation restriction in P, aeruginosa [18].

Playing a physical role in defense against antibiotics, eDNA has also provided
horizontal transfer of antibiotic resistance genes between microorganism cells
forming biofilm [14].

2.4 Growth rate, stress response, and persistent cells

During growth in biofilm structures, physiological heterogeneity happens due to
the occurrence of oxygen and other nutrients gradient in biofilms. This gradient is
created because cells that are close to the surface of the biofilm consume obtainable
nutrient sources and oxygen before the nutrients disperse into depth of the biofilm
[19]. Nutrient and oxygen concentration gradients develop and cause bacterial
populations that display different growth rates [20]. The effect of many antibiotics
depends on growth. Because most antibiotics aim at some kind of produced macro-
molecule, it is unexpected that these agents will have much impact on the microor-
ganisms in biofilm that limit macromolecular production, so conventional antibiotics
are usually less affected against metabolically inactive or slow-growing cells.

In biofilms, a small subpopulation of bacteria can be reversibly transformed into
slowly growing cells. These cells are known as persistent or dormant cells. Persistent
cells are generated stochastically or under endogenous stress (e.g., oxidative stress
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and exposure to antibiotics) and are highly resistant to being killed by antibiotics
[21, 22]. When these cells are compared with active and rapidly growing bacteria,
lower metabolism rate makes these cells less susceptible to antibiotics. High levels of
persistent cells are seen in chronic urinary tract infections and the lungs of patients
with cystic fibrosis, especially, when the penetration of the immune system com-
ponents is limited. The dormant phenotype is characterized by down-regulation of
functions, such as energy production and biosynthesis.

Persistent formation is enhanced by toxin/antitoxin (TA) systems induced by
environmental factors or DNA damage. TA systems do the following: (i) inhibition
of protein synthesis by phosphorylation of the elongation factor, Ef-Tu (e.g., HipBA),
translation inhibition and subsequent tolerance to antibiotics; (ii) expressing the TA
modules (e.g., TisB toxin forming an anion channel in the membrane) leading to a
decrease in PMF and ATP levels; and (iii) breakdown of mRNA (e.g., RelE and MazF
toxins) and inhibition of translation. Prolonged treatment with aminoglycosides
and RNA polymerase inhibitor rifampicin may prevent persistent resuscitation with
synergistic effects with TA systems [23]. It is suggested that fluoroquinolones can
induce TisB toxin by causing DNA damage in Escherichia coli [24]. In biofilms, many
TA systems are associated with multidrug-tolerant persistent cells. However, this
tolerance is limited to specific antibiotics and TA [25].

Bacteria are equipped with a range of stress responses that make them possible
to deal with environmental change, such as oxidative stress, unexpected tempera-
ture changes, low water activity, deprivation, and DNA damage [26]. These adap-
tive responses serve to enhance bacterial survivability. Adaptive stress responses
can influence antimicrobial susceptibility since these responses impact on many of
the same cellular components and processes that are aimed by antimicrobials [27].

Heterogeneity in the biofilm is one of the causes of the stress response [26].
Cells within hypoxic zones have decreased metabolic activity and are in a state like
stationary phase [28]. It is known that many of the stress responses result in bacte-
rial cells entering stationary phase.

Nutrient starvation also induces (p) ppGpp production, which mediates a global
stress response known as the stringent response. The stringent response and (p)
ppGpp signaling contribute to multidrug tolerance in P, aeruginosa biofilms. It
is shown that ofloxacin, gentamicin, meropenem, and colistin killing increased
upon inactivation of the stringent response [29]. Nutrient starvation also induced
ofloxacin tolerance in E. coli K-12 biofilm through mechanisms dependent on the
stringent and SOS response [30].

2.5 Quorum sensing

Despite their self-sufficiency, bacteria interact with neighbors to accomplish
collective activities, such as bioluminescence production, biofilm development, and
exoenzyme secretion. This cooperation occurs through a mechanism: quorum sens-
ing (QS) [31]. Quorum sensing (QS) is cell-to-cell communication at the molecular
level controlled by chemical signaling molecules called autoinducers (Als) [32]. Due
to QS, bacteria can recognize the population density by measuring the accumula-
tion of signaling molecules that are secreted from members of the community. The
accumulation of the signal in the extracellular environment is adequate to activate
the response only when the population density is high [33].

Recent studies indicate that in many bacterial species, activation of QS happens
in the formed biofilm activating the maturation and disassembly of the biofilm. The
initial adhesion step seems not suitable for the accumulation of signal molecules.
Then, with the next steps, the attached bacteria are divided and form microcolo-
nies, population density rises, and so signal molecules can reach adequate levels
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to activate the maturation and disassembly of the biofilm in a coordinate manner
(Figure 1). The time nutrients and other resources become limited and waste
products accumulate, biofilm dispersion is imperative to provide bacteria to escape
and colonize new niches [33].

P, aeruginosa harbors two complete AHL circuits, lasl/lasR and vhll/vhiIR, the
lasI/R circuit being hierarchically positioned upstream, of the 7hlI/R circuit. It is
reported that las-mediated QS inhibits the production of exopolysaccharide, Pel,
which builds the biofilm matrix [34].

Another element controlled by QS in P. aeruginosa biofilm development is
rhamnolipids production [35]. These biosurfactant rhamnolipids caused bacterial
detachment of Pseudomonas biofilms or even biofilms produced by other microor-
ganisms (Bordetella bronchiseptica and C. albicans) [36].

In Staphylococcus aureus, Agr is a QS regulation system [37]. It was demonstrated
in S. aureus that a specific class of secreted peptides (phenol-soluble modulins,
PSMs) that have surfactant-like properties mediates the main impact of Agr in
biofilm dispersion. PSM operons transcription is under strict control by AgrA and
agr mutants lack PSM production [38]. Also, it is shown that by analysis of biofilm
tridimensional structure with confocal laser scanning microscopy, PSMs impacted
the biofilm volume, thickness, roughness, and channel formation.

2.6 Efflux pumps

Efflux pumps are membrane proteins that are related to the export of harmful
substances from within the bacterial cell into the external environment. They are
found in all species of bacteria, and efflux pump genes can be found in bacte-
rial chromosomes or mobile genetic elements, such as plasmids. A wide array of
substrates, such as antibiotics, detergents, dyes, toxins, and waste metabolites are
extruded by efflux pumps [39].

There are five known different classes of bacterial efflux pumps, which are the
major facilitator superfamily (MF), the small multidrug resistance family (SMR),
the ATP-binding cassette family (ABC), the resistance nodulation-division family
(RND), and the multidrug and toxic compound extrusion family (MATE) [40]. To
carry out the antimicrobial agent flow, the ABC family system hydrolyzes the ATP
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Figure 1.

Stages of bacterial biofilm formation ((a) Planktonic cells adhere to a surface, (b) Initial attachment; cell
proliferates to form a monolayer over the surface, (c—d) Increase in cell numbers results in the synthesis of
elevated levels of autoinducers and EPS, (e) A mature biofilm with increased resistance to hostile
environmental factors, (f) Dispersion of bacteria, A : Autoinducers, S : eDNA, 8 : Enzymes).
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while the MF family, the MATE family, and the RND family act as secondary carriers
and catalyze the drug ion antiproton [41].

Efflux pumps play a role in the natural resistance to antibiotics in some patho-
gens. These pumps also cause acquired resistance by overexpression and contribute
to other resistance mechanisms [20]. Overproduction of the efflux pump can lead to
multidrug resistance. Bacterial efflux pumps perform multidrug resistance (MDR)
phenotype [42]. The efflux pump slows down the diffusion of hydrophilic solutes
by downregulating the “porin” production in several pathogenic bacteria, such as
E. coli, Entevobacter aerogenes, and Klebsiella pneumonia, thereby decreasing the
transmembrane diffusion of lipophilic solutes [43].

Some multidrug efflux pumps contribute significantly to biofilm formation and
this mechanism can be used to help bacteria overcome attacks from several classes
of antibiotics. Extremely reduced biofilm formation has been reported for mutant
E. coli that does not have the various genes associated with efflux pumps [44].

Upregulation of some efflux pumps (MexAB-OprM and MexCD-OprJ) in
resistant P. aeruginosa biofilms has been observed in the presence of azithromycin
[45]. It is reported that flow pump PA 1874-1877 is associated with biofilm-specific
resistance to antibiotics. When these genes are mutated, lower resistance to amino-
glycosides and fluoroquinolones is seen in biofilm conditions [46].

Efflux pumps may play different roles in biofilm formation; several studies
proposed that efflux of EPSs and QS molecules to facilitate biofilm matrix forma-
tion and regulate QS, respectively, lead to indirect regulation of genes involved in
biofilm formation and influence aggregation by promoting or preventing adhesion
to surfaces and other cells [39].

2.7 Genetic diversity

Genetic diversity provides bacterial adaptation, evolution, and survival in
hostile environments. Biofilms are considered as a reservoir of genetic diversity.

In biofilms, the emergence and spread of antibiotic resistance genes increase with
horizontal gene transfer (HGT). HGT can happen through the transfer of plasmids
among microorganism cells in a biofilm by conjugation. Actually, studies that are
practiced by certain researchers have demonstrated that plasmid moving among
bacterial cells might be more effective in biofilms than planktonic cells and that
probably arises from proximity of microorganism cells in planktonic shape. In
addition, some bacteria have the ability to pick up DNA from the biofilm matrix.
The highly hydrated matrix provides favorable conditions for natural transforma-
tion [47]. Incidence of antibiotic resistance gene cassettes is determined more than
100-fold higher in biofilms than in planktonic cells [48].

Mutation frequency can be another factor that increases antibiotic resistance or
tolerance. There is proof in the literature that cells in biofilms accumulate mutations
at a higher rate than planktonic cells and these mutations may contribute to increase
of antibiotic resistance [16]. Some bacteria have ability to pick up DNA from the
biofilm matrix in addition.

2.8 Multispecies interactions

Many laboratory studies about biofilm associated with antibiotic resistance and
tolerance mechanisms have focused on monospecies biofilms in the literature and
this issue is becoming progressively apparent. Interactions among microorganisms
that are different species in a biofilm can alter the general antimicrobial resistance
of the population. When we regard that many infections are polymicrobial, these
interactions may be considered clinically important [49].
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Studies are showing that antimicrobial resistance in multispecies biofilms is
much higher than that in monospecies biofilms in available literature. For instance,
it is determined that in vivo P. aeruginosa growing in a monospecies biofilm is twice
more vulnerable to gentamicin antibiotic than that growing in multispecies biofilm
consisting of S. aureus, Enterococcus faecalis, and Finegoldia magna. The molecular
mechanism that underlies this multispecies biofilm model, which increases genta-
micin tolerance, is not known [50].

A clinically important model of multispecies biofilm infection includes Moraxella
catarrhalis and Streptococcus pneumoniae. These bacteria play a role in the pathogen-
esis of otitis media, a biofilm-mediated infection that may be multi microbial. When
antibiotic therapy is required, otitis media is commonly treated by amoxicillin.
However, in stubborn cases, second-line treatments, such as amoxicillin-associated
p-lactamase inhibitor or azithromycin, are applied. It is determined that in the
biofilm consisting of two species, M. catarrhalis produces p-lactamase that provides
resistance of S. pneumoniae against amoxicillin. Reciprocally, S. pneumoniae protects
M. catarrhalis from azithromycin with an unknown mechanism [51].

Interactions between different microorganisms and their effects on biofilm
susceptibility to antibiotics have also been examined in polymicrobial biofilms. C.
albicans, an opportunistic fungal pathogen, and S. aureus have a high resistance to
vancomycin in a dual species. In a biofilm that is composed of C. albicans and S.
aureus, S. aureus is associated with the fungal hyphae via the C. albicans Als3p adhesin
and becomes covered with biofilm matrix probably derived from C. albicans [52].

Owing to the fungal matrix component, $-1,3-glucan, which is thought to act
as a barrier to vancomycin diffusion into the biofilm, Staphylococcal resistance to
vancomycin is increased in polymicrobial biofilms formed with C. albicans [53].

In polymicrobial biofilms, molecular basis may increase antibiotic resistance. In
a study focused on P. aeruginosa and S. maltophilia two-species biofilm, it is deter-
mined that an intercellular signaling molecule that is secreted by S. maltophilia is
sensed by the two-component sensor, BptS in P, aeruginosa, inducing upregulation
of the PmrA-regulated PA3552_3559 and PA4773_4775 genes. These two operon
gene products provide resistance to polymyxins, which is a cationic antimicrobial
peptide. Actually, P. aeruginosa cultured in a biofilm with S. maltophilia have
reduced vulnerability to polymyxin B and colistin compared to P. aeruginosa,
single-species biofilms [54].

3. Approaches aimed at overcoming biofilm resistance

Biofilm infections can be treated and dispersed by the mixture of traditional
antibiotics and substances called biofilm disrupting. The dissolution of biofilm
is the first step in the ability of the host organism’s immune system to remove
microbial pathogens [55]. The combined antibiotics with the biofilm-dispersing
medicines can bring a promising outcome. Most biofilm-dispersing medicines do
not kill the pathogenic cells when they are used alone. For instance, patulin was
analyzed with the aim of acyl-homoserine lactone removal in P. aeruginosa, but it
had no effect on the existence of P. aeruginosa cells in a given biofilm. Although
only patulin had no effect on the P. aeruginosa, the combination of patulin with
antibiotic tobramycin was more effective and caused serious killing of the bacte-
rial cells [56]. Another study showed that the mixture of the quorum controlling
compounds with the antibiotic tigecycline increased the susceptibility of S. aureus
fourfold compared to tigecycline alone [57]. Furthermore, the treatment of S.
aureus with the mixture of cis-2-decenoic acid and ciprofloxacin is improved from
11 to 87% compared to antibiotic alone.
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Considering the rising number of antibiotic-resistant pathogens, QS inhibitors
can be used as a mixture with the remaining sensitive antibiotics to complement
their effects. These molecules mainly act by suppressing the QS system, and their
practice with antibiotics leads to effective cure at much lower dosages of the drug
than necessary, which may result in reduced therapeutic costs. These combina-
tions can be beneficial in the cure of chronic infections, such as chronic urinary
tract, cystic fibrosis, or prosthetic infections and biofilms are a barrier to antibi-
otic diffusion in these chronic diseases.

There is an urgent need for new methods in the cure of biofilm-associated infec-
tions. For instance, cyclic di-GMP (c-di-GMP) is a commonly protected prokaryotic
second messenger signal molecule necessary for biofilm development [58]. New
inhibitors of diguanylate cyclase enzymes were identified by using in silico screen-
ing, and they tested them successfully in vitro. Inhibitors of flow pumps can also
be recommended to complement the effect of antimicrobial agent and needed to be
tested in vivo.

The choice of antimicrobial agents also seems to be significant because some
of them may act as agonists for biofilm formation and some may disrupt it. The
usage and dosages of novel antibiotics should be checked and clinically synthe-
sized antibiotics should be tested at impactful concentrations by considering their
distribution in biofilms and the detrimental effects of signaling molecules. Other
compounds act as key enzymes in the biosynthesis of these signaling molecules
and play a role in regulating virulence factor production and biofilm formation. A
ligand-based strategy will allow the identification of new inhibitors in the future.

Better usage of the new active molecules can be supported by understanding
mechanisms of antimicrobial agents activity as well as the molecular mechanisms
associated with biofilm formation and recalcitrance [5].

4, Conclusion

Biofilm infections are highly resistant to antibiotics and physical treatments and
it is known that there are many strategies that support biofilm antibiotic resistance
and tolerance, such as persistent cells, adaptive responses, and limited antibiotic
penetration. It is also known that the underlying mechanisms of antibiotic tolerance
and resistance in biofilms have a genetic basis in many cases.

In human diseases, highly organized bacterial cells gradually induce immune
responses to form biofilms responsible for chronic infections that lead to tissue
damage and permanent pathology. Therefore, the formation of biofilm is consid-
ered a critical concern in health care services.

Exploring promising cure methods for biofilm-associated infections is an
urgent task. Few innovative and effective antibiotic strategies have been tried,
such as dispersion of biofilms, antibiotic combinations with quorum sensing
inhibitors, and a mixture of all these new techniques. Although the mentioned
anti-biofilm strategies are important research areas, they are still in infancy and
have not undergone clinical research and entered the commercial market. We
hope that new anti-biofilm molecules based on finding universal substances that
do not harm cells and synergistic with commonly used antibiotics will be available
in the near future.

Conflict of interest

The authors declare no conflict of interest.

142



Antibiotic Resistance in Biofilm
DOI: http://dx.doi.org/10.5772/intechopen.92388

Author details

Sadik Dincer*, Fatima Masume Uslu and Anil Delik
Cukurova University, Adana, Turkey

*Address all correspondence to: sdincer@cu.edu.tr

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/

by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

143



Bacterial Biofilms

References

[1] Reg Bott T. Industrial biofouling. In:
Biofilms in Industry. Edgbaston, UK:
Elsevier Inc.; 2011. pp. 181-201. DOL:
10.1016/ B978-0-444-53224-4.10007-5

[2] Jamal M, Ahmad W, Andleeb S,
Jalil F, Imran M, Nawaz MA, et al.
Bacterial biofilm and associated
infections. Journal of the Chinese
Medical Association. 2018;81(1):7-11.
DOI: 10.1016/jjcma.2017.07.012

[3] Gebreyohannes G, Nyerere A, Bii C,
Sbhatu DB. Challenges of intervention,
treatment, and antibiotic resistance

of biofilm-forming microorganisms.
Heliyon. 2019;5:€02192. DOI: 10.1016/j.
heliyon.2019.02192

[4] Flemming HC, Wingender J,
Szewzyk U, Steinberg P, Rice SA,
Kjelleberg S. Biofilms: An emergent
form of bacterial life. Nature Reviews.
Microbiology. 2016;14:563-575. DOI:
10.1038/nrmicro.2016.94

[5] Jolivet-Gougeon A, Bonnaure-
Mallet M. Biofilms as a mechanism of
bacterial resistance. Drug Discovery
Today: Technologies. 2014;11:49-56.
DOI: 10.1016/j.ddtec.2014.02.003

[6] Mangwani N, Kumari S, Das S.
Bacterial biofilms and quorum sensing:
Fidelity in bioremediation technology.
Biotechnology and Genetic Engineering
Reviews. 2016;32(1-2):43-73

[7]1 Hathroubi S, Mekni MA,
Domenico P, Nguyen D, Jacques M.
Biofilms: Microbial shelters against
antibiotics. Microbial Drug Resistance.
2017;23(2):147-156. DOI: 10.1089/
mdr.2016.0087

[8] Nadell CD, Drescher K,

Wingreen NS, Bassler BL. Extracellular
matrix structure governs invasion
resistance in bacterial biofilms. The
ISME Journal. 2015;9:1700-1709. DOI:
10.1038/isme;j.2014.246

144

[9] Colvin KM, Gordon VD,

Murakami K, Borlee BR, Wozniak D],
Wong GC, et al. The pel polysaccharide
can serve a structural and protective role
in the biofilm matrix of Pseudomonas
aeruginosa. PLoS Pathogens.
2011;7(1):e1001264. DOI: 10.1371/
journal.ppat.1001264

[10] Sugano M, Morisaki H, Negishi Y,
Endo-Takahashi Y, Kuwata H,
Miyazaki T, et al. Potential effect of
cationic liposomes on interactions
with oral bacterial cells and

biofilms. Journal of Liposome
Research. 2016;26(2):156-162. DOI:
10.3109/08982104.2015.1063648

[11] Tseng BS, Zhang W, Harrison J],
Quach TP, Song JL, Penterman J, et al.
The extracellular matrix protects
Pseudomonas aeruginosa biofilms by
limiting the penetration of tobramycin.
Environmental Microbiology.
2013;15(10):2865-2878. DOI:
10.1111/1462-2920.12155

[12] Bagge N, Hentzer M, Andersen JB,
Ciofu O, Givskov M, Hoiby N.
Dynamics and spatial distribution

of beta-lactamase expression in
Pseudomonas aeruginosa biofilms.
Antimicrobial Agents and
Chemotherapy. 2004;48(4):1168-1174.
DOI: 10.1128/AAC.48.4.1168-1174.2004

[13] Anderl JN, Franklin MJ, Stewart PS.
Role of antibiotic penetration limitation
in Klebsiella pneumoniae biofilm
resistance to ampicillin and
ciprofloxacin. Antimicrobial Agents and
Chemotherapy. 2000;44(7):1818-1824.
DOI: 10.1128/AAC.44.7.1818-1824.2000

[14] Hall CW, Mah TF. Molecular
mechanisms of biofilm based antibiotic
resistance and tolerance in pathogenic
bacteria. FEMS Microbiology Reviews.
2017;41(3):276-301. DOI: 10.1093/
femsre/fux010



Antibiotic Resistance in Biofilm
DOI: http://dx.doi.org/10.5772/intechopen.92388

[15] Chiang WC, Nilsson M, Jensen Pd,
Heiby N, Nielsen TE, Givskov M,

et al. Shields against aminoglycosides
in Pseudomonas aeruginosa

biofilms. Antimicrobial Agents and
Chemotherapy. 2013;57(5):2352-2361.
DOI:10.1128/AAC.00001-13

[16] Wilton M, Charron-Mazenod L,
Moore R, Lewenza S. Extracellular
DNA acidifies biofilms and induces
aminoglycoside resistance in
Pseudomonas aeruginosa. Antimicrobial
Agents and Chemotherapy.
2016;60(1):544-553. DOI: 10.1128/
AAC.01650-15

[17] Lewenza S. Extracellular DNA-
induced antimicrobial peptide
resistance mechanisms in Pseudomonas
aeruginosa. Frontiers in Microbiology.
2013;4(21):1-6. DOI: 10.3389/
fmicb.2013.00021

(18] Johnson L, Mulcahy H,

Kanevets U, ShiY, Lewenza S.
Surface-localized spermidine protects
the Pseudomonas aeruginosa outer
membrane from antibiotic treatment
and oxidative stress. Journal of
Bacteriology. 2011;194(4):813-826. DOI:
10.1128/JB.05230-11

[19] Stewart PS, Franklin M]J.
Physiological heterogeneity in biofilms.
Nature Reviews. Microbiology.
2008;6:199-210. DOI: 10.1038/
nrmicrol838

[20] Blanco P, Hernando-Amado S,
Reales-Calderon JA, Corona F,

Lira F, Alcalde-Rico M, et al. Bacterial
multidrug efflux pumps: Much more
than antibiotic resistance determinants.
Microorganisms. 2016;(1):1-19. DOI:
10.3390/microorganisms4010014

[21] Oner ET. Microbial production
of extracellular polysaccharides from
biomass. In: Pretreatment Techniques
for Biofuels and Biorefineries. Berlin,
Heidelberg: Springer; 2013. pp. 35-56.
DOI: 10.1007/978-3-642-32735-3_2

145

[22] Germain E, Roghanian M, Gerdes K,
Maisonneuve E. Stochastic induction

of persistent cells by HipA through (p)
ppGpp-mediated activation of mRNA
endonucleases. Proceedings of the
National Academy of Sciences of the
United States of America. DOI: 10.1073/
pnas.1423536112

[23] Keren I, Mulcahy LR, Lewis K.
Persistent eradication: Lessons from
the world of natural products. In:
Hopwood DA, editor. Natural Product
Biosynthesis by Microorganisms

and Plants, Part C. Springer;

2012. 449 pp. DOI: 10.1016/
B978-0-12-404634-4.00019-X

[24] Dorr T, Vulic M, Lewis K.
Ciprofloxacin causes persistent
formation by inducing the TisB toxin
in Escherichia coli. PLoS Biology.
2010;8(2):21000317. DOI: 10.1371/
journal.pbio. 1000317

[25] Harrison JJ, Wade WD, Akierman S,
Vacchi-Suzzi C, Stremick CA, Turner R]J.
The chromosomal toxin gene yafQ is

a determinant of multidrug tolerance
for Escherichia coli growing in a

biofilm. Antimicrobial Agents and
Chemotherapy. 2009;53(6):2253-2258.
DOI: 10.1128/AAC.00043-09

[26] Stewart PS. Mechanisms of
antibiotic resistance in bacterial
biofilms. International Journal of
Medical Microbiology. 2002;292(2):107-
113. DOI: 10.1078/1438-4221-00196

[27] Poole K. Stress responses as
determinants of antimicrobial resistance
in Gram-negative bacteria. Trends in
Microbiology. 2012;20(5):227-234. DOI:
10.1016/j.tim.2012.02.004

[28] Stewart PS, Zhang T, Xu R.
Reaction-diffusion theory explains
hypoxia and heterogeneous growth
within microbial biofilms associated
with chronic infections. npj Biofilms
and Microbiomes. 2016;2:16012. DOI:
10.1038/npjbiofilms.2016.12



Bacterial Biofilms

[29] Nguyen D, Joshi-Datar A, Lepine F,
Bauerle E, Olakanmi O, Beer K, et al.
Active starvation responses mediate
antibiotic tolerance in biofilms and
nutrient-limited bacteria. Science.
2011;334(6058):982-986. DOI: 10.1126/
science.1211037

[30] Zheng Z, Stewart PS. Growth
limitation of Staphylococcus epidermidis
in biofilms contributes to rifampin
tolerance. Biofilms. 2004;1(1):31-35.
DOI: 10.1017/51479050503001042

[31] Rutherford ST, Bassler BL. Bacterial
quorum sensing: Its role in virulence
and possibilities for its control. Cold

Spring Harbor Perspectives in Medicine.

2012;2(11):a012427. DOI: 10.1101/
cshperspect.a012427

[32] Bhardwaj AK, Vinothkumar K,
Rajpara N. Bacterial quorum sensing
inhibitors: Attractive alternatives

for control of infectious pathogens
showing multiple drug resistance.
Recent Patents on Anti-Infective Drug
Discovery. 2013;8(1):68-83. DOI:
10.2174/1574891X11308010012

[33] Solano C, Echeverz M, Lasal.
Biofilm dispersion and quorum sensing.
Current Opinion in Microbiology.
2014;18:96-104. DOI: 10.1016/j.
mib.2014.02.008

[34] Ueda A, Wood TK. Connecting
quorum sensing, c-di-GMP, Pel
polysaccharide, and biofilm formation
in Pseudomonas aeruginosa through
tyrosine phosphatase TpbA (PA3885).
PLoS Pathogens. 2009;5(6):e1000483.
DOI: 10.1371/journal.ppat. 1000483

[35] Diggle SP, Winzer K, Chhabra SR,
Chhabra SR, Worrall KE, Camara M,
et al. The Pseudomonas aeruginosa
quinolone signal molecule overcomes
the cell density dependency of the
quorum sensing hierarchy, regulates
rhl dependent genes at the onset of
stationary phase and can be produced
in the absence of LasR. Molecular

146

Microbiology. 2003;50(1):29-43. DOI:
10.1046/j.1365-2958.2003.03672.x

[36] Singh N, Pemmaraju SC, Pruthi PA,
Cameotra SS, Pruthi V. Candida biofilm
disrupting ability of di-rhamnolipid
(RL-2) produced from Pseudomonas
aeruginosa DSVP20. Applied
Biochemistry and Biotechnology.
2013;169(8):2374-2391. DOI: 10.1007/
s12010-013-0149-7

[37] Boles BR, Horswill AR. Agr-
mediated dispersal of Staphylococcus
aureus biofilms. PLoS Pathogens.
2008;4(4):€1000052. DOI: 10.1371/
journal.ppat.1000052

[38] Periasamy S, Joo H-S, Duong AC,
Bach THL, Tan VY, Chatterjee SS, et al.
How Staphylococcus aureus biofilms
develop their characteristic structure.
Proceedings of the National Academy
of Sciences of the United States of
America. 2012;109(4):1281-1286. DOI:
10.1073/pnas.1115006109

[39] Alav I, Sutton JM, Rahman KM. Role
of bacterial efflux pumps in biofilm
formation. The Journal of Antimicrobial
Chemotherapy. 2018;73(8):2003-2020.
DOI: 10.1093/jac/dky042

[40] Singh S, Singh SK, Chowdhury I,
Singh R. Understanding the mechanism
of bacterial biofilms resistance to
antimicrobial agents. The Open
Microbiology Journal. 2017;11(1):53-62.
DOI: 10.2174/1874285801711010053

[41] Poole K. Efflux-mediated
antimicrobial resistance. The Journal
of Antimicrobial Chemotherapy.
2005;56(1):20-51. DOI: 10.1093/
jacdkil71

[42] Bolla JM, Alibert-Franco S,
Handzlik ], et al. Strategies for bypassing
the membrane barrier in multidrug
resistant gram-negative bacteria. FEBS
Letters. 2011;585(11):1682-1690. DOI:
10.1016/j.febslet.2011.04.054



Antibiotic Resistance in Biofilm
DOI: http://dx.doi.org/10.5772/intechopen.92388

[43] Pagés JM, James CE,

Winterhalter M. The porin and the
permeating antibiotic: A selective
diffusion barrier in Gram-negative
bacteria. Nature Reviews. Microbiology.
2008;6:893-903. DOI: 10.1038/
nrmicrol994

[44] Matsumura K, Furukawa S,
Ogihara H, Morinaga Y. Roles of
multidrug efflux pumps on the biofilm
formation of Escherichia coli K-12.
Biocontrol Science. 2011;16(2):69-72.
DOI: 10.4265/bio.16.69

[45] Gillis R], White KG, Choi KH,
Wagner VE, Schweizer HP,

Iglewski BH. Molecular basis of
azithromycin-resistant Pseudomonas
aeruginosa biofilms. Antimicrobial
Agents and Chemotherapy.
2012;158:2975-2986. DOI: 10.1128/
AAC.49.9.3858-3867.2005

[46] Zhang L, Mah TF. Involvement of a
novel efflux system in biofilm-specific
resistance to antibiotics. Journal of
Bacteriology. 2008;190(13):4447-4452.
DOI: 10.1128/JB.01655-07

[47] Madsen JS, Burmglle M,
Hansen LH, Sgrensen SJ. The
interconnection between biofilm
formation and horizontal gene
transfer. FEMS Immunology

and Medical Microbiology. DOI:
10.1111/j.1574-695X.2012.00960.x

(48] Strugeon E, Tilloy V, Ploy M-C,

da Re S. The stringent response
promotes antibiotic resistance
dissemination by regulating integron
integrase expression in biofilms. MBio.
2016;7(4):e00868-16. DOI: 10.1128/
mBio.00868-16

[49] Harriott MM, Noverr MC.
Importance of Candida-bacterial
polymicrobial biofilms in

disease. Trends in Microbiology.
2011;19(11):557-563. DOI: 10.1016/j.
tim.2011.07.004

147

[50] Dalton T, Dowd SE, Wolcott RD,
Sun'Y, Watters C, Griswold JA, et al.

An in vivo polymicrobial biofilm
wound infection model to study
interspecies interactions. PLoS One.
2011;6(11):e27317. DOI: 10.1371/journal.
pone.0027317

[51] Perez AC, Pang B, King LB,

Tan L, Murrah KA, Reimche JL, et al.
Residence of Streptococcus pneumoniae
and Moraxella catarrhalis within
polymicrobial biofilm promotes
antibiotic resistance and bacterial
persistence in vivo. Pathogens and
Disease. 2014;70(3):280-288. DOLI:
10.1111/2049-632X.12129

[52] Peters BM, Ovchinnikova ES,

Krom BP, Schlecht LM, Zhou H,

Hoyer LL, et al. Staphylococcus aureus
adherence to Candida albicans hyphae is
mediated by the hyphal adhesin Als3p.
Microbiology. 2012;158(Pt 12):2975-
2986. DOI: 10.1099/mic.0.062109-0

(53] Kong EF, Tsui C, Kucharikova S,
Andes D, Van Dijck P, Jabra-Rizk MA.
Commensal protection of Staphylococcus
aureus against antimicrobials by
Candida albicans biofilm matrix. MBio.
2016;7(5):e01365-16 DOIL: 10.1128/
mBio.01365-16

[54] Ryan RP, Fouhy Y, Garcia BF,

Watt SA, Niehaus K, Yang L, et al.
Interspecies signalling via the
Stenotrophomonas maltophilia diffusible
signal factor influences biofilm
formation and polymyxin tolerance

in Pseudomonas aeruginosa. Molecular
Microbiology. 2008;68(1):75-86. DOI:
10.1111/j.1365-2958.2008.06132.x

[55] Romilly C, Lays C, Tomasini A,
Caldelari I, Benito Y, Hammann P,

et al. A non-coding RNA promotes
bacterial persistence and decreases
virulence by regulating a regulator in
Staphylococcus aureus. PLoS Pathogens.
2014;10(3):e1003979. DOI: 10.1371/
journal.ppat.1003979



Bacterial Biofilms

[56] Rasmussen TB, Skindersoe ME,
Bjarnsholt T, Phipps RK,

Christensen KB, Jensen PO. Identity and
effects of quorum-sensing inhibitors
produced by Penicillium species.
Microbiology. 2005;151(5):1325-1340.
DOI: 10.1099/mic.0.27715-0

[57] Simonetti O, Cirioni O,
Mocchegiani F, Cacciatore I, Silvestri C,
Baldassarre L, et al. The efficacy of

the quorum sensing inhibitor FS8 and
tigecycline in preventing prosthesis
biofilm in an animal model of
staphylococcal infection. International
Journal of Molecular Sciences.
2013;14(8):16321-16332. DOI: 10.3390/
ijms140816321

[58] Sambanthamoorthy K, Luo C,
Pattabiraman N, Feng X, Koestler B,
Waters CM, et al. Identification of small
molecules inhibiting diguanylate cyclases
to control bacterial biofilm development.
Biofouling. 2014;30(1):17-28. DOI:
10.1080/08927014.2013.832224

148



Chapter 10
Microbial Biofilms

Princy Choudhary, Sangeeta Singh and Vishnu Agarwal

Abstract

Biofilms are the aggregation of microbial cells, which are associated with the
surface in almost an irreversible manner. It exists in variety of forms like dental
plaque, pond scum, or the slimy build up in sink. Biofilm formation involves
sequence of steps like conditioning, attachment, metabolism, and detach-
ment. Biofilm consists of water channels, EPS (Exopolysaccharide), and eDNA
(Environmental DNA), which plays an important role in nutrient circulation,
its development, and structure stabilization. Resistance of planktonic bacteria
against antimicrobial agents gets increased on the formation of biofilm, which
may be the presence of diffusive barrier EPS or neutralizing enzyme, cells
undergoing starvation, or due to spore formation. There are numerous factors,
which affects biofilm formation such as substratum effects, conditioning film
on substratum, hydrodynamics, characteristics of the aqueous medium, cell
characteristics, and environmental factors. Biofilm can cause industrial, medi-
cal, and household damage and is a reason for loss of billions of dollars every
year. Development of biofilm on catheters, medical implants, and devices is a
major cause of infections and diseases in humans. Examples include Plaque,
Native Valve Endocarditis, Otitis media, Prostatitis, Cystic fibrosis, Periodontitis,
Osteomyelitis, and many more.

Keywords: biofilm, EPS, microbes, medical implants, resistance

1. Introduction

Biofilms are the aggregation of microbial cells, which are associated with the
surface in almost an irreversible manner, i.e. cannot be removed by gently rising
[1]. They are attached with a biotic or abiotic surface integrated into the matrix that
they have produced [2]. An accustomed biofilm provides favorable conditions for
genetic material mobility between the cells and has a defined architecture. It is also
reported that these surface-associated microorganisms possess definite phenotype
with reference to growth rate and gene transcription [1].

The credit of discovery of microbial biofilm can be given to Van Leeuwenhoek
who, with his simple microscope first observed the microorganisms on tooth
surface [1].

2. Biofilm formation

A biofilm may be composed of one microbial species or many microbial species
found on a variety of living or nonliving surfaces. However, mixed species biofilms
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Figure 1.
Stages of biofilm development.

form the majority in most of the environments and single species biofilms host the
surface of medical implants and hence being the reason of infections.

The initiation of biofilm formation have some requirements as the bacteria must
be capable of attaching itself to and moving on the surface, detecting their cell
density and ultimately to form a 3-D mesh of cells enclosed by exo-polysaccharide
[3]. There is also an important role of cell membrane proteins, extracellular polysac-
charides and signaling molecules [2] (Figure1).

2.1 Biofilm formation steps

Stepl. Attachment: Conditioning layer is formed which have a loose collec-
tion of carbohydrates and proteins which gets unite with minerals in hard water. It
attracts the microbial cells to get attached with the surface.

Step2. Irreversible attachment: As soon as conditioning layer formed, electri-
cal charge accumulates on the surface which attracts the bacteria having opposite
charge that result in irreversible attachment of microbial cells. The charges are
sufficiently weak that microorganisms could be easily removed by the mild cleanser
and sanitizers.

Step3. Proliferation: In this phase, bacteria get attached to the surface as well
as with each other by secreting EPS (an extracellular polymeric substance) that
entraps the cells within a glue-like matrix.

Step4. Maturation: The biofilm environment consists of the nutrient-rich
layer which supports the rapid growth of microorganisms. Complex diffusion
channels are present in a mature biofilm to transport nutrients, oxygen and other
components required for bacterial growth and removes waste products and dead
cells [4, 5].

Step5. Dispersion: It is the process of dispersal of biofilm in which actively
growing cells gradually sheds daughter cells [1]. Because as long as fresh nutrients
are kept providing, biofilm continues to grow and when they get nutrient deprived,
they return to their planktonic mode by detaching themselves from the surface [3].
This process probably happens to allow bacterial cells to get sufficient nutrients
[2]. There is also a possibility of the detachment process to be species-specific as
Pseudomonas fluorescence recolonizes surface after approx. 5 hours, Vibrio harveyi
after 2 hours and Vibrio parahaemolyticus after 4 hours [1].
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3. The composition of biofilm

Biofilm is primarily composed of bacterial micro-colonies which are non-
randomly distributed in a shaped matrix or glycocalyx [6]. Mostly, these micro-
colonies are rod-like or mushroom-shaped or they can have one or more types
of bacteria. Based on bacteria type, the composition of micro-colonies contains
10-25% (by volume) of microbial cells and 79-90% (by volume) of the matrix
[2, 6]. Extensive bacterial growth assists in the rapid formation of visible layers of
microbes accompanied by excretion of EPS in an abundant amount [6]. At bottom
of most of the biofilms, a dense layer of microorganism is bound together in poly-
saccharide matrix with other organic and inorganic components. The successive
layer is highly irregular and loose and may extend into surrounding medium [6].

3.1 Water channels

These are present in between the micro-colonies which act as the simple circula-
tory system for distributing nutrients and receiving harmful metabolites [2].

3.2EPS

Exopolysaccharide which is produced by the bacteria, are the major component
of a biofilm. It constitutes about 50-90% of the total organic matter in a biofilm [6].
It is mainly composed of polysaccharides, some of which may neutral or poly-
anionic in case of Gram-negative bacteria or cationic as in case of Gram-positive
bacteria. The anionic property of polysaccharide is confirmed by the presence of
uronic acids (such as D-glucuronic, D-galacturonic, and mannuronic acids) or
ketal-linked pyruvate. This anionic property plays an important role in the asso-
ciation of divalent cations like calcium and magnesium that have been shown to
provide greater binding force in developed biofilm by cross-linking with polymer
strands [1]. Along with the polysaccharide (which constitutes 1-2% of EPS), EPS
also contains proteins [<1-2% (including enzymes)], DNA (<1%), RNA (<1%) as
well as some lipids and humic substances [7].

3.3eDNA

The microbial genetics and the environment in which bacteria grows are the
determining factors for the composition of a biofilm. Pseudomonas aeruginosa,
Streptococcus intermedius, Enterococcus faecalis and Staphylococcus are the species in
which eDNA was initially observed.

One of the common mechanism by which eDNA is released is Autolysis.
Released eDNA plays an important role in the development of the biofilm, biofilm
structure stabilization as well as in gene transfer mechanisms. This genetic transfer
is responsible for spreading of virulence and antibiotic resistance genes in circulat-
ing strains exposed to the selective pressure of medical treatment. Streptococcus
pneumonia and related Streptococci are a good example of this [8].

4. Drug resistance and biofilm

In a biofilm, rendering biofilm becomes ten to thousand times less prone to
several antimicrobial agents than the same planktonic culture grown bacterium.
As an example, it has been seen that there is an increase of 600-fold concentration

in sodium hypochlorite (an oxidizing biocide that is counted in most effective
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antibacterial drugs) for killing biofilm cells of Staphylococcus aureus as compared
with its planktonic form [9]. Moreover, as compared to planktonic form, bacteria in
biofilms shows a discrete physiology like reduced metabolic rate and enhanced cell
to cell communication which helps in developing resistance to antibiotics or reduce
their effects [10]. In the attempt to describe the resistance of biofilms to antibiotics,
three assumptions have been made:

1. Slow or partial diffusion of antibiotics into inner layers of biofilm. This is due to
EPS matrix which has biofilm entrenched bacteria, act as a diffusive barrier [2].

2.In the biofilm microenvironment, some microbial cells fall into a state of slow
growth or starvation due to nutrient limitation or accumulation of harmful
metabolites. These are not vulnerable to many antimicrobial agents [2, 11].

3.The differentiation of a bacterial subpopulation resembles the process of spore
formation. It has a distinctive and highly resistance phenotype (a biologically
programmed response to bacterial sessile life form) that protects them from
antibacterial effects [2].

Presence of neutralizing enzymes also contributes to the antibiotic resistance
in the biofilm. These proteinaceous enzymes degrade or inactivate antibiotics by
mechanisms like hydrolysis and modification of antimicrobials by different bio-
chemical reactions [7].

Although, intensive and insistent treatment of antibiotic is effective in reducing
the biofilm and controlling the exacerbations of chronic biofilm infections but are
not able to eliminate biofilm infections it is possibly because the minimal con-
centration of antibiotic (required to eliminate a mature biofilm) is challenging to
reach in vivo. Hence, if a bacterial biofilm infection is established, it becomes much
difficult to eradicate [12].

Experimental studies suggested that in most of the cases antibiotic treatment
alone is not sufficient to eliminate infections of biofilm [12]. In a study, a nanopar-
ticle called ciprofloxacin-loaded poly (lactic-co-glycolic acid), that were functional-
ized with DNase I, were prepared to observe their antibiofilm activity against P
aeruginosa biofilms. It has been found that they release ciprofloxacin in a controlled
manner, as well as they effectively target and disassemble the biofilm by degrading
the extracellular DNA that stabilizes the EPS [10]. Biofilm combination therapy is
usually recommended for treating biofilm infections as this is found to be substan-
tially better than antibiotic monotherapy [12].

5. Factors affecting biofilm formation

A number of factors such as substratum effects, hydrodynamics and various
properties of cell surface play an important role in microbial attachment [1].

5.1 Substratum effects

As the surface roughness increases microbial colonization increases because
as the roughness increases, surface area increases and shear forces get dimin-
ished. And considering extent and rate of attachment, it has been seen that
microorganisms get attached to more rapidly to hydrophobic and nonpolar
surfaces as Teflon and other plastics rather than to glass and other materials
having hydrophilic properties.
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5.2 Conditioning films forming on the substratum

When a material surface gets exposed to any aqueous medium, it gets immedi-
ately coated with polymers from that surface or become conditioned. The coating or
film is found to be organic in nature formed within minutes of exposure. The nature
of these films is found to be quite different for surfaces exposed in the human host.
As an example, “acquired pellicle,” a proteinaceous conditioning film, develops on
tooth enamel surface. A pellicle is composed of glycoprotein, lysozymes, phospho-
proteins, albumin, lipids and gingival crevice fluid. Oral cavity bacteria get adhered
within hours of exposure to this pellicle conditioned surface.

5.3 Hydrodynamics

The hydrodynamic flow layer is the zone of negligible flow which is found at the
immediately adjacent to the substratum/liquid interface. The flow velocity of this
zone is negligible and its thickness is inversely proportional to the linear velocity.
Substantial mixing or turbulence is the main characteristics shown by the region
outside the boundary layer. The hydrodynamic boundary layer can considerably
affect the interaction between cells and substratum. The velocity characteristic of
the liquid governs the association of cells with the submerged surfaces. At, very low
linear velocities, the cells must navigate through the hydrodynamic boundary layer,
and cell size and cell motility govern its association with the surface. The boundary
layer decreases, as the velocity increases and cells will be exposed to progressively
larger turbulence and mixing. Therefore, higher linear velocities would be supposed
to form a more rapid association with the surface, at least until velocities become
high enough to apply abundant shear forces on the attaching cells, that results in
detachment of these cells [1].

5.4 Characteristics of the aqueous medium

Characteristics of the aqueous medium such as temperature, pH, nutrient
level and ionic strength possibly play an important role in attachment of microbes
with the substratum. As an example, it has been found that the attachment of
Pseudomonas fluorescens to glass surface is affected by an increase in the concentra-
tion of several cations (sodium, calcium, lanthanum, ferric iron), perhaps by
reducing the repulsive forces between the negatively charged bacterial cells and the
glass surfaces.

5.5 Properties of the cells

The rate and extent of adherence of microbes depends on the properties of
cells like cell surface hydrophobicity, as hydrophobic interactions tend to increase
with an increasing nonpolar nature of one or both involved surfaces and adhe-
sion increases with increase in hydrophobicity, presence of fimbriae and flagella
as fimbriae contribute to cell surface hydrophobicity probably by overcoming the
initial electrostatic repulsion barrier that exists between the cell and substratum
and production of EPS. EPS might be hydrophobic, although mostly they are
both hydrophilic and hydrophobic. Numerous bacterial EPS have the backbone of
1,3- or 1,4-p-linked hexose residues and tend to be less deformable, more rigid and
inadequately soluble or insoluble in specific cases although other EPS molecules
may be water soluble. Researches also showed that different organisms produce
different amounts of EPS and the amount of EPS increases with age of the biofilm.
Antimicrobial resistance properties in the biofilm are possibly mediated by the EPS
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by impeding the mass transport of antibiotics through the biofilm, which might be
by binding directly to these agents [1]. EPS formation is an essential part of biofilm
formation as studies on Staphylococcus epidermidis have shown that if genes respon-
sible for the synthesis of EPS matrix are inactivated then bacteria lose the ability to
form biofilm [2].

5.6 Environmental factors
Different environmental factors affect the biofilm formation; listed below:
5.6.1 Availability of certain nutrients

It has been shown by studies on Listeria monocytogenes that an optimum level of
phosphate is very important for biofilm formation and gets stimulated by the pres-
ence of carbohydrates mannose and trehalose.

5.6.2 Presence of oxygen

Presence of oxygen regulates Biofilm formation in Escherichia coli. In the absence
of sufficient oxygen supply biofilm does not form as bacteria could not adhere to the
substrate surface.

5.6.3 Environmental pH

Environmental pH effects were observed by studying on Vibrio cholerae.
Optimal pH for multiplication of V. cholerae is 8.2 and below pH 7 i.e., in acidic envi-
ronment the bacteria lose their ability to form biofilm as they lose mobility.

On the other hand, bacteria like S. epidermidis and E. coli do not need an alkaline
environment for multiplying hence they easily form a biofilm on urethral catheters
where urine pH is acidic.

5.6.4 Temperature

When temperature was kept high, L. monocytogenes did not form biofilm as the
bacteria wasn’t able to adhere itself to the substrate surface [2].

6. Diseases due to biofilm

Besides infecting the industrial pipelines, waste water channels, oral cavity,
ventilators, catheters, and medical implants, they are a major cause of human
diseases [11]. Infections and diseases in humans are mostly due to development
of biofilm on or within indwelling implants or devices such as contact lenses, bio
prosthetic and mechanical heart valves, pacemakers, intra-arterial and intravenous
catheters, central venous catheters, peritoneal dialysis catheters, urinary catheters,
joint prosthesis, voice prosthesis, penile prosthesis, ureteral stents, biliary stents,
endotracheal tubes, nephrostomy tubes, intrauterine contraceptive devices (IUDs)
[13, 14]. A biofilm may be composed of gram-positive or gram-negative microor-
ganisms which may arise from the skin of a patient, health worker, tap water or any
other environmental source [5].

Biofilm growth usually was seen in the lungs of cystic fibrosis patients causing
chronic bronchopneumonia, in the middle ear in patients with chronic and secre-
tory otitis media, in chronic rhino sinusitis, in chronic osteomyelitis and in chronic
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Gram-positive microorganisms

Site of infections and diseases

Acidogenic gram-positive cocci (e.g. Streptococcus)

Dental caries

Gram-positive cocci (e.g. Staphylococci)

Musculoskeletal infections

Group A Streptococci

Necrotizing fasciitis

Viridans Group Streptococci

Native valve endocarditis

S. epidermidis and S. aureus

Sutures, exit sites and
arteriovenous shunts

S. epidermidis, E. faecalis

Urinary catheter cystitis

S. epidermidis, S. aureus, Corynebacterium species, Micrococcus species,
Enterococcus species, Candida albicans, Group B Streptococci

1UDs

C. albicans, S. epidermidis

Hickman catheter

S. epidermidis, S. aureus, E. faecalis, C. albicans

Central venous catheter

Viridans Streptococci, Enterococci

Mechanical heart valves

Hemolytic Streptococci, Enterococci

Orthopedic devices

S. epidermidis, S. aureus,

Penile prosthesis

Gram-negative microorganisms

The site of infections and
diseases

Nontypable strains of Haemophilus influenzae

Otitis media

E. coli (enteric bacteria)

Biliary tract infection, bacterial
prostatitis

P, aeruginosa and Burkholderia cepacia

Cystic fibrosis pneumonia

Pseudomonas pseudomallei

Melioidosis nosocomial infections

Klebsiella pneumoniae, Proteus mivabilis

Urinary catheter cystitis

K. pneumoniae, P. aeruginosa

Central venous catheter

Proteus mirabilis, Bacteroides species, P. aeruginosa, E. coli Orthopedic devices

Table 1.
Different infections and involved microorganisms [11].

wounds [15]. Infections and then diseases occur because of these two reasons: (a)
Implantation of any medical device cause tissue damage which attracts platelets and
fibrin accumulation at the site of the attachment. The damaged tissue aids in coloniz-
ing the microorganisms [13]. (b) Drug resistance and inflammation in host might get
stimulated by biofilm formation which results in sustained infections [16] (Table1).

7. Biofilm on some common medical devices
7.1 Central venous catheter biofilms

Commonly found organisms on catheter biofilm are S. epidermidis, S. aureus,
K. pneumoniae, C. albicans, P. aeruginosa, and E. faecalis. These might get emerged
from patient’s skin microflora, exogenous microflora from health-care personnel,
or infected infusates. It has been reported that inner lumen of long-term catheters
(30 days) and an external surface of short-term catheters (<10 days) has more
biofilm formation. Microbial growth may depend on the nature of fluid delivered
through a central venous catheter, as it has been seen that gram-negative microor-
ganisms grow well in the intravenous fluid than gram-positive organisms [17].
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Many studies have been done to control or avoid biofilm formation in these
devices. Few remarkable results are:

* It has been found in a research that microbial colonies of the left arte-
rial catheter can be eliminated by addition of sodium metabisulfite to the
dextrose-heparin flush.

* Less colonization was seen on catheters coated with minocycline and rifampin
than those coated with chlorhexidine and silver sulfadiazine [5].

7.2 Mechanical heart valve biofilms

Microorganisms like S. epidermidis, S. aureus, Streptococcus species, Gram-negative
bacilli, diphtheroids, Enterococci and Candida species develop biofilm on the com-
ponents of mechanical heart valves and surrounded heart tissues, which lead to a
condition called prosthetic valve endocarditis. Also, it more often develops on the
tissue surrounding the prosthesis or on the sewing cuff fabric that attaches a device
to the tissue than on the valve itself. The source of the microorganism somehow tells
its identity as, if it gets originate from an invasive process like dental work then it
possibly belongs to Streptococcus species or it also might get originated during surgery
(early endocarditis, mainly due to S. epidermidis) or from an indwelling medical
device.

To prevent initial attachment of the microbes, anti-microbial agents are pro-
vided during valve replacement or any invasive process like dental work. It has also
been found out that less inflammation was caused when silver coated sewing cuff of
St. Jude mechanical heart valve was implanted than an uncoated one [5, 17].

7.3 Urinary catheter biofilms

Organisms which develop biofilm on these devices are S. epidermidis, E. faecalis,
E. coli, Proteus mivabilis, P. aeruginosa, K. pneumonia and other Gram-negative organ-
isms [17]. These catheters are tubular latex or silicone devices that are inserted via
urethra into the bladder. It may be of an open system in which catheter drains into an
open collection center or close system in which it vacates into a securely fastened bag.
In open system, catheter gets quickly contaminated and chances of UTI (Urinary
Tract Infection) are much more than in closed system. The chances of microbes to
develop biofilm and hence causing UTI is more as long as the catheter remains on its
place as it has been found out that approximately 10 to 50% of the patients undergo-
ing short-term catheterization (up to 7 days) and around all the patients undergoing
long-term catheterization (>30 days) gets infected with UTI [5].

It has been shown in studies that hydrophobicity of both organism and surface
is responsible factors for microbial attachment on the catheter as a wide range
of microbial colonies are found to be attached on the catheter’s surface which
displays both hydrophobic and hydrophilic regions [17]. Bacterial attachment is
also enhanced by an increase in urinary pH and ionic strength by divalent cations
(Mg and Ca). Urease is produced by some of the organisms of this biofilm which
is responsible for hydrolyzing the urea to ammonium hydroxide. As a result, pH at
the biofilm-urine interface gets higher, which causes precipitation of minerals such
as struvite and hydroxyapatite. These biofilms having mineral components form
encrustations which can completely block the catheter’s inner lumen [5].

Several approaches have been done to control biofilm formation on urinary cath-
eters like the use of antimicrobial ointments and lubricants, bladder instillation,
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antimicrobial agents in collection bags, impregnation of catheters by silver oxides
like antimicrobial agents or systemic antibiotics. Also, biofilm of many Gram-
negative microorganisms can be reduced by exposing to mandelic acid in combina-
tion with lactic acid [17].

7.4 Contact lenses biofilms

Microbes get readily attached to the surface of both type of contact lenses i.e.
soft contact lenses and hard contact lenses (differentiated according to the material
used, design, wear schedule and frequency of disposal). Nature of substrate, water
content, polymer composition, electrolyte concentration and type of bacterial
strains governs the degree of adherence of microbes to the lenses. The storage case
of alens has been implicated as the primary source of contamination [5].

Staphylococcus, Servatia and Pseudomonas are some most common bacterial
species obtained in contact lenses. Staphylococci are found affiliated with contact
lens induced peripheral ulcer, blepharitis and conjunctivitis while Serratia and
Pseudomonas species known to contribute in corneal inflammation and infection [18].

7.5 Intrauterine devices

The tail part of IUDs which is made up of a plastic microfilament surrounded
by nylon sheath is possibly the primary source of infection. Microorganisms that
contaminate IUDs are Lactobacillus plantarum, S. epidermidis, C. albicans, S. aureus,
species of Corynebacterium, Enterococcus species [5].

8. Some common biofilm infections
8.1 Dental biofilms

Dental biofilms, commonly known as plaque are the most studied biofilm in
human. It involves hundreds of species of bacteria. Some significant microbes include
Porphyromonas gingivalis, Bactevoides forsythus, Actinobacillus actinomycetemcomitans,
Treponema denticola, and a number of Streptococci including Streptococcus mutans [11].

After a good oral wash or dental cleaning, the tooth enamel acquires a coating
called as pellicle which is composed of various proteins and glycoproteins of host
origin. Then with the help of adhesion molecules and pilli, first Streptococci then
Actinomycetes colonizes the teeth surface. Bacterial cells start interacting with each
other on the pellicle and a number of Streptococci and related organisms starts
synthesizing insoluble glucan via glucan binding protein. After few successive colo-
nization with few more organisms, demineralization of tooth enamel starts (which
leads to caries) by the acids which are produced by fermentation of the dietary
sucrose and other carbohydrates [11].

8.2 Native valve endocarditis (NVE)

This condition arises due to the interaction between bacteria, vascular endo-
thelium and generally of mitral, aortic, tricuspid and pulmonary valves of the
heart. The organisms responsible for these conditions are species of Streptococcus,
Staphylococcus, Pneumococci, Candida, Aspergillus, and some Gram-negative
bacteria, which get access to the blood stream via the oropharynx, gastrointes-
tinal, and urinary tract. When the intact endothelium gets damaged, microbes
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adhered to it and as a result nonbacterial endocarditis (NBTE) develops at the site
of injury and thrombus (accumulation of platelets, fibrin, and red blood cells)
formed [13]. Fibronectin which has been found as a thrombotic lesion of the
heart valve can simultaneously bind to fibrin, collagen, human cell and bacteria.
Fibronectin receptors are found in many bacterial species like Staphylococcus and
Streptococcus [5].

Many antibiotic therapies are suggested depending on the organisms involved as
Penicillin is recommended for normal treatment of Streptococcal endocarditis and for
synergistic killing gentamycin may be supplemented. Fluconazole can successfully
terminate the effect of Candida endocarditis [5].

8.3 Otitis media

It is a condition of chronic ear infection caused due to inflammation of
mucoperiosteal lining [5]. In the middle ear cavity, fluid gets accumulated which
ultimately affects speech development and learning capability of the patient.
However, its complete etiology is still under research [7]. Various organisms
responsible for otitis media include S. pneumoniae, H. influenzae, Moraxella
catarvhalis, S. epidermidis, P. aeruginosa, etc. As due to limited penetration of
antibiotic, its low concentration is present in middle ear fluid, hence strong
antibiotics like amoxicillin, cefaclor, erythromycin, and clarithromycin are needed
for combating otitis media [5].

8.4 Chronic bacterial prostatitis

Prostatitis is the inflammation of the prostate gland which possibly occurs due
to the microorganisms that have ascended from the urethra or by the reflux of
infected urine into prostatic ducts which vacates into the posterior urethra. Once
the microbe gets entered in the prostatic duct, they start multiplying rapidly and
can form sporadic micro-colonies and biofilms which gets adhered to the epithe-
lial cells of the system of ducts. Microbes responsible for this infection are E. coli,
P aeruginosa, species of Klebsiella, Proteus, Serratia, Bacteroides, etc. [5].

8.5 Cystic fibrosis

Cystic Fibrosis is a chronic bacterial infection of intrapulmonary airways with P
aeruginosa [19]. Its consequences include thickening of mucus in many body systems
which results in impaired mucociliary clearance of microorganisms and chronic
infection in lungs. The infection gets punctuated by acute aggravation of disease and
inflammation which will lead to lung failure and premature death [20]. According to
the genetic etiology, one out of more than 1500 potential mutations in the cystic fibro-
sis transmembrane conductance regulator (CFTR) gene results in its malfunction, as
aresult sodium absorption is inhibited through epithelial sodium channel. And due to
hyper-absorption of water, airway surface liquid gets depleted, mucociliary clearance
get depleted and inhaled bacteria are allowed to remain within airway [20, 21].

Microscopic studies of sputum samples and lung tissue section have shown the
presence of biofilm or micro-colonies in the airways. These biofilms are able to
grow larger than 100 pm in diameter [22]. Some common cystic fibrosis pathogens
include S. aureus, H. influenzae and ultimately predominant one P. aeruginosa
[20, 21]. P, aeruginosa has some adaptive mechanisms which make it survive and
persist for several decades in CF patient’s respiratory tract. Biofilm adaptation of
P, aeruginosa makes it resistant to antibiotic therapy and inflammatory defense
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mechanism. This also makes it survive in different conditions like whether it is
aerobic respiratory zone or the conductive zone of the lungs which have anaerobic
sputum or the paranasal sinuses where mucus too has a lower concentration of
oxygen [15].

Early antimicrobial treatment (i.e. during early colonization period of microbes)
for preventing chronic infection of P. aeruginosa may give a possibility for successful
treatment of cystic fibrosis, as this chronic infection may postpone for several years
by giving an early treatment with ciprofloxacin and colistin [5, 22].

8.6 Periodontitis

Periodontitis is the infection of supporting tissues of teeth, gums (gingiva) and
periodontal tissues (gingiva, alveolar bone, and periodontal ligament). Its chronic
form may lead to exfoliation of teeth. The primary site of periodontitis is sub gin-
gival crevice which is the channel between the tooth root and the gum. Organisms
responsible for this infection are Fusobacterium nucleatum, Peptostreptococcus micros,
Eubacterium timidum, E. brachy, Pseudomonas anerobicus, and predominate one P
gingivalis. They can easily colonize the surface of the oral cavity which helps them in
invading mucosal cells, altering calcium flux in epithelial cells and in releasing tox-
ins. As a result, plaque (a climax biofilm community) is formed within 2-3 weeks.
Calculus or tartar is the mineralized plaque which acts as a resistance against the
antimicrobial activity of saliva in protecting tooth enamel, as a consequence of
which dental carries and periodontal diseases occurs [5].

Dental plaque or biofilm cannot be eliminated, only their pathogenic nature can
be minimized by minimizing the bioburden and effectively maintain a normal oral
flora via oral hygiene methods [6, 23].

8.7 Osteomyelitis

Osteomyelitis is an inflammatory bone disorder characterized by infection in
bone/bone marrow which leads to necrosis and bone destruction [24, 25]. When
complex multi-resistant biofilm has established, treatment of osteomyelitis
becomes more challenging. Due to increased bacterial resistance to antibiotics in
biofilm mode, they cause persistent infections. It has been found that in more than
50% osteomyelitis cases, causative organisms are S. aureus and S. epidermidis [24].

Although, endoprostheses which are found to be an increasingly common
source of infection, surgically implanted devices or other implants like orthopedic
internal fixation devices also represents a remarkable risk factor for the develop-
ment of osteomyelitis. Stainless steel, titanium, titanium alloys are most commonly
used materials in implants in which stainless steel is found to be associated with
greater infection rate as compared to titanium. A possible reason of this is might
be that soft tissues get firmly adhered to a titanium-implant surface while a fibrous
capsule is formed enclosing a liquid filled space around the steel implants. This un-
vascularized space is less accessible to host defense mechanisms where bacteria can
multiply and freely spread. Studies showed that S. aureus and S. epidermidis adhe-
sion to the surface can be reduced by the use of coatings based on human proteins
such as albumin or human serum. Coatings of poly(1-lysine)-grafted-poly (ethylene
glycol) (PLL-g-PEG) when extensively studied for use in biomedical applications,
it has been found to be highly effective in reducing the absorption of blood serum,
blood plasma and single proteins like fibrinogen and albumin. Fibroblast and
osteoblast cell adhesion get remarkably reduced by spreading of metal oxide surface
coated with PLL-g-PEG in comparison to uncoated surfaces [25].
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Abstract

Staphylococcus aureus is one of the most common pathogens that cause recurrent,
chronic, and biofilm-related diseases. Biofilms are the major form of bacterial struc-
tures capable of secreting polysaccharides that provide intrinsic protection against
environmental stress like high concentrations of antibiotics. This, along with the
emergence of multidrug-resistant strains, has made S. aureus infections a worldwide
problem as a result of the inefficiency of the conventional medications. Plant essential
oils (EOs) are an important source for drug discovery and pharmaceutical develop-
ment due to their diverse biological activities, such as antimicrobial agents. The EOs’
microbicide action is extensively reported at the scientific literature and frequently
associated with bioactive molecules, such as aldehydes and terpenes. However, the
ability of some EOs to inhibit biofilm formation has been poorly explored and it is still
unclear how they could be applied in specific treatments against well-known infec-
tions. Therefore, this chapter will address virulence factors and biofilm formation of
S. aureus, as well as bioprospecting of essential oil as a promising source in the search
for new bioactive compounds employed in the fight against this microorganism.

Keywords: antibiofilm activity, biofilm-related diseases, essential oil, natural
products, Staphylococcus aureus
1. Introduction

The emergence of multidrug-resistant (MDR) bacteria is correlated with
selective pressure caused by the indiscriminate use of antibiotics, which reduces
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therapeutic options available [1]. Consequently, it leads to a serious public health
problem frequently associated with increase of healthcare costs and high mor-
bimortality rates [2]. One worldwide recognized bacterial pathogen with the
ability to develop severe clinical conditions such as pneumonia and septicemia is
Staphylococcus aureus [3]. Historically, this bacterium has shown a great ability to
become resistant to several antibiotics [4]. Furthermore, S. aureus has a highlighted
ability to build surface-associated bacterial communities, called biofilm, being one
of the most determinant factors for the development of chronic infections, and it is
the major cause of treatment failure [5-7].

Recently, the use of natural compounds, such as EOs obtained from different
parts of the plants, is receiving attention for their biological activities, including
antioxidant, anti-inflammatory, and anticancer effect [8]. Moreover, EOs have
been frequently mentioned on scientific literature as a promising antimicrobial
agent, being effective against a wide range of pathogenic bacteria and yeast [9, 10].
Thus, this chapter will present a comprehensive overview about general features of
S. aureus, including virulence factors, antibiotic resistance, and biofilm formation.
Additionally, it will introduce the EOs used as potential therapeutic approaches
against biofilm of multidrug-resistant S. aureus.

2. Staphylococcus aureus
2.1 Clinical relevance and virulence factors

Member of the Micrococcaceae family, S. aureus is Gram-positive cocci-shape
arranged in a grape-like cluster. The cells are anaerobic facultative and catalase-
positive with approximately 0.5-1.5 pm in diameter. Overall, 52 species have been
described in the staphylococcal genus, S. aureus being, by far, the member most
clinically relevant [11]. S. aureus genome has been completely sequenced and three
main components were observed: conserved genes, variable genes, and mobile
genetic elements (MGE). More than 97% of the S. aureus genome is composed of
highly conserved genes found in all staphylococcal strains. More than 700 genes are
variable and their distribution defines different lineages [12, 13]. Apart from the core
genes, there are several numbers of MGE acquired by horizontal gene transfer by
bacteriophages, transposons, and plasmids that contribute to genome plasticity and
evolution, such as the antibiotics resistance and virulence gene dissemination [14].

Widely disseminated in nature, S. aureus is a commensal component of human
cutaneous and mucosal microbiota as well as an adaptive pathogen that leads to
numerous invasive and, sometimes, fatal infections [15, 16]. This microorganism
can be easily spread by the hands or expelled from the respiratory tract. About
30% of the population is colonized by S. aureus, and this increases to 60% when it
involves the healthcare environment, implying in either cases high risk of further
infection [17]. As a pathogen, this bacterium causes various suppurative diseases,
such as boils, carbuncles, folliculitis, and scalded-skin syndrome [18]. Additionally,
the lymphatic system and bloodstream contributed to bacterial spread to other
parts of the body causing osteomyelitis, medical device infection, endocarditis, and
pneumonia [19]. Furthermore, the presence of a variety of antimicrobial resistance
mechanisms in some strains leads to treatment failure, increasing healthcare costs
and risk of death [20].

Bacterial sepsis confirmed by blood cultures in pediatric hospitals, Gram-
positive bacteria (62%) were involved in most of the infection cases. Among them,
the major reported strains were S. aureus (15%), followed by Staphylococcus coagu-
lase negative (11%) and Streptococcus pneumoniae (10%) [21]. In addition, serious
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cases of high virulence profile community-associated S. aureus (CA-MRSA) infec-
tions have been reported globally in recent decades [22, 23]. In Taiwan, for instance,
423 cases of CA-MRSA infections were reported in children, and most of them
were associated to bone, joint, and deep soft tissue infections and pneumonia [24].
Despite each disease profile, the staphylococcal species is frequently correlated with
both community- and hospital-acquired infections, and it has steadily increased
[25, 26]. Thus, it is necessary to look for new therapeutic alternatives to minimize
this public health problem [27].

S. aureus can survive in its hosts as a commensal bacterium for a long time; how-
ever, it can also be considered one of the most relevant human pathogens [28]. This
bacterium has mechanisms to evade the host's immune response through production
of a variety of virulence factors, such as adhesins, exotoxins, and hydrolytic enzymes
(e.g., coagulase, catalase, and staphylokinase), as summarized in Figure 1 [29, 30].

The bacterial adherence to extracellular matrix cells in the host is one of the
most important steps for colonization. It is mediated mainly by surface-anchored
proteins classified as MSCRAMM (microbial surface components recognizing
adhesive matrix molecules) family. Among them, two fibronectin binding proteins,
FnbA and FnbB, contribute considerably to epithelial tissue colonization in vari-
ous pathological manifestations and medical device-related infections [31]. Other
cell surface protein related in adhesion mechanisms are named clumping factor
A and B (CIfA and CIfB). The first one has a highlighted ability to interact with
soluble proteins, fibrinogen, and fibrin, present in blood plasma. These surface
components aid the microorganism to interact with plasma protein-coated bioma-
terials and, consequently, make possible the colonization and biofilm formation on
medical devices [32]. The CIfB is frequently associated to nasal colonization due to
high affinity to cornified envelope of the nostrils, which promotes the formation
of skin abscesses by binding to the protein loricrin [33]. It is worth mentioning
genes capable of encoding proteins on the cell surface, cna (collagen adhesin),
ebp (elastin-binding protein), bbp (bone sialoprotein-binding protein), and eno
(laminin-binding protein), closely related to pathogenesis of implant infections
caused by S. aureus [34-36].

2.2 Antibiotic resistance and biofilm formation

Historically, infections caused by MDR S. aureus strains have been often
reported worldwide. This microorganism has a notable ability to acquire systems
of antibiotics inactivation. Production of reduced-affinity penicillin binding,
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Hllustration of virulence factors produced by S. aureus.
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ribosomal active site methylation, and efflux pumps that remove the antibiotic from
the bacterial cell are the most cited mechanisms of antibiotic resistance developed
by S. aureus cells [37]. The isolation of antibiotic-resistant strains began after the
introduction of penicillin and methicillin into clinical practice, when resistant
lineages, known as methicillin-resistant S. aureus (MRSA), were reported in 1950s
and 1960s, respectively [38]. This resistance profile is mediated by mecA and mecC
genes, which encode penicillin-binding protein 2a (PBP2a) in cell-wall synthesis.
Those mec gene complexes are carried in an MGE known as the staphylococcal
cassette chromosome mec (SCCmec), which can be acquired by horizontal gene
transfer among related species [39].

Subsequently, vancomycin was used as an alternative to cases of MRSA infec-
tion [40]. However, the constant use of this antibiotic leads to the emergence of
vancomycin-resistant S. aureus (VRSA) strains, first detected in 2002 [41]. Due to
the fact that VRSA strains are generally also resistant to teicoplanin, the use of other
abbreviations has been suggested: GISA (S. aureus of intermediate sensitivity to
glycopeptides) and GRSA (S. aureus glycopeptide resistant) [42]. Moreover, some
strains presented a relevant phenomenon known as heterogeneous resistance (het-
eroresistance) to vancomycin, where they have a mechanism of tolerance against
this antibiotic. These strains, called hVISA, display a vancomycin-susceptible
profile by microdilution assay; however, some individual cells into bacterial com-
munity might exhibit VRSA features [43].

Furthermore, the ability of some microorganisms to form cellular agglomerates,
such as biofilms, contributes way more for antibiotic resistance. In summary, biofilm
is a three-dimensional community of microorganisms covered and embedded in a
self-produced matrix of extracellular polymeric substances (EPS) [44]. Such mul-
ticellular structure provides intrinsic protection for biofilm-embedded cells against
hostile environments, for instance extreme temperature and pH, high salinity and
pressure, poor nutrients, and antibiotics [45-47]. Microorganisms that grow on
biofilms often exhibited different physiology profile from planktonic cells, especially
in terms of their response to antibiotic treatment [48]. Although biofilm lifestyle
can arise from a single cell, differential environmental conditions throughout the
community can potentiate the development of distinct subpopulations. Gradients
in oxygen, nutrients, and electron acceptors can cause heterogeneous gene expres-
sion throughout a biofilm. This communication between these bacterial cells, called
quorum sensing, mediated the genes expression and activate virulence factors [49].

S. aureus has a great capacity to form biofilms on human body tissues and
medical devices, increasing the risk of invasive infections [50]. It is estimated
that S. aureus causes about 40-50% of prosthetic heart valve infections, 50-70%
of catheter biofilm infections, and 87% of bloodstream infections [24]. The main
stages of biofilm formation consist of four sequential steps: attachment, forma-
tion of microcolonies, accumulation or maturation, and detachment or dispersal
(Figure 2) [51]. Firstly, planktonic cells adhere to biotic or abiotic surfaces and
further proliferate into sticky aggregations called microcolonies. The EPS produced
by bacterial cells during biofilm maturation serves as scaffold for establishing this
three-dimensional architecture, also known as mushroom-like structures. Upon
reaching a specific cell density, a mechanism is triggered to initiate EPS degrada-
tion that releases cells embedded into biofilm to disperse and reinitiate the biofilm
formation at distal sites [7].

S. aureus shows a variety of adhesins that mediate attachment to host factors,
essential for biofilm formation [48]. These proteins are surface-associated by dif-
ferent means, such as ionic or hydrophobic interactions, such as autolysin, SERAM
(secretable expanded repertoire adhesive molecules) proteins, membrane-spanning
proteins, and the polysaccharide intercellular adhesin (PIA) [52]. It is worth to
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General steps of S. aureus biofilm formation.

highlight that the presence of the ica gene located in the icaADBC (intercellular
adhesion [ica]) operon works like a genetic determinant that contributes for biofilm
establishment [53]. This genetic element can mediate the production of an extra-
cellular mucopolysaccharide composed mainly of N-acetylglucosamine, which is
associated to adhesion and colonization of several surfaces [54, 55].

Thus, several steps regarding biofilm formation of S. aureus might be considered
as target to antibiofilm approaches. As many conventional antimicrobial agents
have no satisfactory effect against mature biofilms, EOs already used for hundreds
of years as a natural medicine to combat a variety of infections became a great
antimicrobial alternative. The EOs are made up of various compounds, and it is
further believed that this makes it difficult to develop bacterial resistance compared
to antibiotics that have only one target action, making it attractive to fight MDR
biofilm-forming bacteria [56]. Then, such attributes qualify the EOs as an important
product from natural source to be explored by pharmaceutical industry [57, 58].

3. Essential oils
3.1 General aspect

Essential oils are compounds obtained from the secondary metabolism of the
plants. They are characterized as complex mixtures of volatile compounds abundant
in aromatic plants found in different parts of the plant, including leaves, flowers,
stem, roots, seeds, and fruits [59]. There is a diversity of these substances described
in the literature in commercial use, such as in perfumes, pharmaceuticals, cosmet-
ics, insecticides, and food additives [60].

Generally, they are oily-looking liquids at room temperature of complex mix-
tures of volatile lipophilic substances, usually with pleasant scent. In water, EOs
have a limited solubility, which allows their separation by steam or water distil-
lation. Other methods to obtain EOs include cold-press extraction used for citrus
peels, separation by solubility using organic solvents, and through supercritical
fluid extraction [61]. They are usually unstable against environmental factors
such as light, temperature, water activity, and salinity, affecting their constitu-
tion, contributing to the appearance of chemotypes with particular compositions.
Depending on the technique used in the course of a separation, reactions such as
ester hydrolysis, autoxidation, and rearrangements may occur, leading to the forma-
tion of artifacts and modifying their biological activity [62].

167



Bacterial Biofilms

Compounds included in the EOs are produced in the cytoplasm and plastids
of plant cells through the action of terpene synthase enzymes (TPSs), in which
they use substrates from two pathways involved in the synthesis of terpenes: the
mevalonate (MVA) and the methyl-eritritol phosphate (MEP) pathways [63]. They
are localized and stored in complex secretory structures, such as glands, secretory
cavities, hairs or trichomes, epidermal cells, internal secretory cells, and the secre-
tory pockets [64]. Many of these substances are now known to be directly involved
in the defense or attraction mechanisms of plants and often show interesting
biological activities [65].

Despite containing two or three main components at a level of 20-70%, EOs
are very complex mixtures of substances. In general, the majority components are
formed by terpenes and phenylpropanoids [66]. In the very first definitions of EOs,
these were frequently identified with terpenes, principally mono- and sesquiter-
penes. Other substances have also been identified as alcohols, aldehydes, ketones,
phenols, esters, ethers, oxides, peroxides, furans, organic acids, lactones, couma-
rins, sulfur compounds, anthraquinones, and alkaloids [61]. In the mixture, such
compounds come in different concentrations. Usually, one of them is the majority
compound, with others in lower grades and some in very low quantities (trace). EOs
are composed of volatile hydrocarbons, and they may contain oxygen, sulfur, and
halogens (rare) in their chemical structure [67]. In a reduced number of species, the
predominant components are aromatic molecules, and these include thyme (thymol
and carvacrol), peppermint (menthol), and anise (anethol) [68].

3.2 Antimicrobial and antibiofilm potential

Humans have used EOs for thousands of years, not only as aromatic extracts
and for beauty care and culinary uses, but also in folk medicine, due to their many
different pharmacological activities, such as antiseptic, anti-inflammatory, and
analgesic properties [65]. Some of the EOs, and their components, have dem-
onstrated the relevant antimicrobial potential against a wide range of microbial
pathogens [69]. Additionally, Gram-positive bacteria, such as S. aureus, seem to be
much more susceptible to EOs than Gram-negative cells, probably due to cellular
surface constitution. Gram-positive has only the inner membrane and a cell wall
that allows hydrophobic molecules to easily penetrate into the cells. For instance,
phenolic compounds have a dose-dependent effect, at low concentrations they
interfere with enzymes involved in energy production, and at high amounts they
can denature proteins [70, 71].

The broad-spectrum activity of EOs is related to the diverse chemical reac-
tions of aldehydes, phenolic compounds, and terpenes, synthesized from second-
ary metabolism by different plant parts [10]. The EO action is attributed to the
ability of their constituents to interact with the cell membrane and consequently
disturb the microbial integrity, leading to cell death [72]. However, EO bioactive
components can have several cellular targets, and they are mainly associated
with cytoplasmic coagulation, inhibition of ATP-production enzymes, altera-
tion in ion transport, cell-wall damage, and bacterial membrane destruction
(Figure 3) [73].

The emergence of MRD pathogens has caused an interesting shift from the oner-
ous development of novel classes of antibiotics to the more straightforward applica-
tion of synergism or combinatory therapy in the hope of reviving the efficacy and
effectiveness of existing antibiotics [74]. Several studies have demonstrated that
there was synergetic effect when two or more EOs are mixed together. Moreover,
there are also reports of synergistic activity of EOs when used in combination
with well-known antibiotics. When blended with other antimicrobial agents, the
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General antibacterial mechanisms of essential oils.

constituents of EOs can unlock the cell membrane channels, thus opening the pas-
sage of antimicrobial agents to reach their target sites [75].

The capacity of some EOs to inhibit biofilm formation has been less explored;
however, some reports suggested their utilization as potent inhibitor of virulence
factors and biofilm formation [76]. So far, a plethora of potential antibiofilm
agents, mainly inspired by natural products, has been developed and shown great
promise in either facilitating the dispersion of preformed biofilms or inhibiting the
formation of new biofilms iz vitro [77]. In contrast to conventional antibiotics, the
recently developed antibiofilm molecules do not directly affect bacterial survival
and thus the expectation is that resistance to these molecules will not readily
occur [77].

Table 1 shows some studies based on the S. aureus antibiofilm activity of OEs
extracted from several plant sources. The EO action on biofilm inhibition and dis-
persal can be related to reactivity, hydrophobicity, and the diffusion rate of the EO
in the matrix, as well as the biofilm composition and structure [78]. Same studies
correlated sublethal concentrations of EOs with their capability to inhibit the first
steps of biofilm formation. The main constituents of OE can act by several ways to
disturb the biofilm development, such as blockage of the quorum-sense system,
inhibition of the flagellar gene transcription, or through interference with bacterial
motility [71].

Antibiofilm agents can have different therapeutic applications depending on
their effects on the biofilm: compounds that interfere with biofilm formation could
be exploited in the prophylaxis of implant surgery or for the coatings in medical
devices, whereas agents able to disperse biofilm structure could be administered in
combination with conventional antibiotics for the treatment of biofilm-associated
infections [96]. Despite the growing number of new potent EO-based antibiofilm
compounds described, there is still a great challenge in the development of antib-
iofilm drugs. Once the EO compounds, which has such activity, discovered so far
need further optimizations to improve potency for it become one clinical candidate
for such approach. Other EO features such as stability, volatility, encapsulation, and
optimal dosage should be considered for the development of EO-based antibiofilm
drugs. However, it is expected that in the coming years some of these compounds
would be translated into antibiofilm drugs.
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Scientific name Plant part Major chemical compounds Resistant Ref.
phenotype
Artemisia absinthium Aerial 1,8 Cineole, methyl chavicol, MRSA, [79]
camphor MRSAMupR
Artemisia dracunculus Aerial Methyl chavicol, methyl MRSA, [79]
eugenol MRSAMupR
Artemisia longifolia Aerial Camphor, 1,8-cineole MRSA, [79]
MRSAMupR
Artemisia frigida Aerial 1,8-cineole, methyl chavicol, MRSA, [79]
camphor MRSAMupR
Cinnamomum Bark and Cinnamaldehyde MRSA [80]
zeylancium leaves
Cymbopagon citratus Fruit Ethanolic compounds MSSA [80]
MRSAMupR
Cymbopogon nardus Leaves Eugenol, cinnamaldehyde, MSSA, MRSA [80, 81]
citral, geraniol
Eucalyptus globulus Aerial Eucalyptol, [+] spathulenol, MRSA, MSSA [82]
a-pinene
Lippia alba Aerial Geranial, neral MSSA [83]
Mentha piperita Aerial Menthol, menthone, menthyl MRSA, MSSA [84]
acetate
Melaleuca alternifolia Aerial a-Terpineol, terpinen-4-ol MSSA [85]
Myrtus communis Leaves Eugenol, a-terpineol, MSSA [86]
y-terpinene
Ocimum gratissimum Leaves Eugenol, 1,8-cineole MRSA, MSSA [87]
Origanum vulgare Leaves and 1-Terpineol, sabinene, MRSA, MSSA [88, 89]
Arial y-terpinene
Piper nigrum Leaves Limonene, sabinene, f-pinene MSSA [90]
Rosmarinus officinalis Leaves and 1,8-cineol, camphor, a-pinene MSSA [91]
flower
Satureja hovtensis Leaves B-cubebene, limonene, MSSA, MRSA [92]
a-pinene
Satureja montana Leaves Carvacrol, p-cymene, MRSA [93]
d-terpinene
Syzygium aromaticum Aerial Eugenol, caryophyllene MSSA [90]
Thymus vulgaris Aerial p-Cymene, y-terpinene MRSA, MSSA [82,94]
Thymus daenensis Aerial Carvacrol, y-terpinene MSSA [92]
Zataria multiflora Leaves Thymol, carvacrol, MRSA, MSSA [95]
rho-cymene
Table 1.

Summarized antibiofilm activity of EOs against MDR S. aureus.

4. Conclusion

Due to the emergence of multiresistant strains and biofilm formation, there is
an urgent need to find effective alternatives against S. aureus. Thus, EOs became
a promising alternative for treatment and prophylaxis of infections caused by
S. aureus. Many EOs have proven to be effective antimicrobials and antibiofilm,
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opening the possibility of using EOs in clinical formulations alone or in synergy
with already known antibiotics. However, further research is needed to better
understand the interactions between the steps of biofilms formation with the EOs
and their constituents separately, as well. In addition, more acute studies in relation
to volatility and solubility should be done in order to increase the essential oils’
antimicrobial potential as a pharmacological product.
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Abstract

Dental microbiota is associated with different types of organisms with
dentition including humans and is responsible for many oral diseases all over
the world. Bacteria in a dental biofilm are important also in other diseases, i.e.,
endocarditis, pulmonary fibrosis, and arthritis, and some findings predict the
connection of dental microbiota with cancerogenesis. Not all oral bacterial
representatives are pathogenic or potentially pathogenic. Dental biofilm consists
of numerous different bacteria that may have beneficial characteristics for good
condition of dental and oral health. Searching for bacteria or their products
with the beneficial effect is important in the development of new biologically
based strategies for the prevention or treatment of oral and dental diseases.

For searching of potential probiotic candidates are useful methods that could
map phenotypic or genotypic characteristics of studied bacteria. This chapter is
focused on the spectrum of these basic methods searching for beneficial bacte-
ria and their products.

Keywords: dental, biofilms, probiotic, bacteria, methods

1. Introduction

Each form of life on earth needs to obtain water and some substances from
the external environment for its growth. From viruses to whales, every form of
life needs some substances. Differences are only in the mechanism of obtaining.
Many types of organisms on earth for this purpose developed the digestive tract
with the oral cavity during the evolution. The same mechanism is still on earth
millions and millions of years. For example, dinosaurs had the same mechanism
and during evolution developed dentition for good mechanical preparing of eaten
food like humans today with some differences of course. We can deduct, that the
dental problems in Jurassic age had the same cause as today if we are thinking about
mechanical destruction. In the case of special dental diseases, like periodontitis
or dental caries, the comparing is debatable. Maybe in Jurassic age were also some
pathogens something like Streptococcus mutans nowadays, which were responsible
for the destruction of dental enamel in Tyrannosaurus rex. Nowadays problems in
dental diseases have the same causative mechanism. Many of them are caused by
the effect of dental biofilm bacteria.
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1.1 Biofilm, dental biofilm

A biofilm comprises any syntrophic consortium of microorganisms in which
cells stick to each other and often also to a surface. Biofilms are highly organized
bacterial agglomeration, which diversity is depending on the external and internal
conditions of together growing bacteria.

Bacterial biofilms are also characteristic of the growth of one type of bacteria,
i.e. a biofilm of Staphylococcus aureus [1]. Biofilms may form on living or non-
living surfaces and can be founded in natural, industrial, and hospital conditions.
In humans, a typical exam for biofilm is dental plaque. This microcosm was
deeply characterized with the help of numerous basic or sophisticated methods
of research. Microbiology procedures, microscopic techniques, genomic and
proteomic methods bring new light on new findings in dental plaque (biofilm)
research.

It is interesting, that the knowledge about dental biofilm from the discoveries of
Anton van Leeuwenhoek (1632-1723) to today age is still not perfect because we are
not able to decrease the number of dental diseases in the world [2].

Dental caries and periodontal diseases are the most common diseases in the
world especially in areas with bad quality of dental medicine and in poor regions of
the world. On the other side, it is also a disease, which is a wide range presented in
all countries and all social communities.

Bacterial pathogens founded in dental enamel lesions are many times highly
pathogenic and cause also systematic diseases like endocarditis, meningitis, pulmo-
nary fibrosis, arthritis, and some findings predict the connection of dental micro-
biota with cancerogenesis [3, 4].

1.2 Dental biofilm bacterial composition

Opinions on the number of bacteria living in the oral cavity vary. It has been
estimated that about 500 species of bacteria inhabit the oral cavity in humans
[5]. Molecular-based studies have shown that bacterial communities found in the
oral cavity are highly complex with about 1000 species and have been shown to
be the second most complex microbial community in the body after the colon [6].
Although the animal microbiocenosis of animals and humans has similar proper-
ties, there are also significant differences in relation to the microbial species and
the relative proportions of these species in the oral cavity [7]. For example, rodents
lack gender representatives Peptostreptococcus, Bacteroides (currently Prevotella and
Porphyromonas), Treponema, Vibrio and Leptotrichia [8]. Oral microbiocenosis
of dogs is believed to be more diverse than oral microbiocenosis in humans [9].
However, bacteria in dental biofilm that are responsible for periodontal infectious
diseases in humans and animals have been shown to be similar [7].

The microbiota of the dental biofilm differs from the microbiota on the mucosal
surfaces and the composition of the microbiota of the dental biofilm varies in dif-
ferent anatomical sites. Gingival crevice supplies nutrients to bacteria and has low
redox potential; therefore, it is colonized predominantly by anaerobic species such
as Prevotella spp., Veillonella spp. and Fusobacterium spp. In contrast, supragingival
plaque consists mainly of Gram-positive facultatively anaerobic bacteria, especially
Streptococcus spp. and Actinomyces spp. The composition of the oral microbiota is
highly dependent on the clinical condition of the teeth and gingivae. Healthy oral
plaque contains predominantly facultatively anaerobic Gram-positive species, while
in periodontal diseases microbiota turns into obligate anaerobic Gram-negative spe-
cies [10]. In the formation of dental biofilm, primarily Gram-positive cocci, especially
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Streptococcus sanguis and Streptococcus mitis, are involved in primary colonization,
which colonizes the teeth for the first 4 hours after professional cleansing [11].

Other early colonizers include Actinomyces spp., Capnocytophaga spp., Eikenella spp.,
Haemophilus spp., Prevotella spp., Propionibacterium spp., and Veillonella spp. [12].
One of the major bacteria that serve as a bridge between early and late oral biofilm
colonizers is Fusobacterium nucleatum [13]. Although it is an anaerobic bacterjum, it
could tolerate oxygen in the biofilm. This ability allows F. nucleatum to promote the
growth of other strictly anaerobic bacteria such as Porphyromonas gingivalis [14]. Later
colonizers are Lactobacillus spp., Porphyromonas spp., Actinobacillus spp., Prevotella
spp., Eubacterium spp., Selenomonas spp., Tannerella spp., Aggregatibacter and
Treponema spp. [15, 16]. Which type of bacteria, pathogens or potential beneficial
members of dental microbiota will be chosen for research depends on the researcher.
Currently, preparations containing probiotic strains such as: Lactobacillus reuteri
(BioGaia Prodentis), Bacillus coagulans (Life Extension Advanced Oral Hygiene) and
Streptococcus salivarius K12 (Bactoral) are available on the market [17-20]. Bacillus
subtilis in form of tablet [VITALREXTM (VL)] is also used in the treatment of
periodontal diseases [21]. Depending on the findings of the beneficial effect of living
bacteria, there is also the possibility to use only their metabolic products for research
aimed at preventing and treating dental diseases.

2. Recommended methods
2.1 Selection criteria useful for studying of dental biofilm and sample obtaining

In the oral cavity area, it is possible to study apart from dental biofilm also
other biofilms, i.e. buccal, lingual, prosthesis, filled live or death teeth, soft tissue
biofilms, etc. Our preferred place for obtaining of dental biofilm samples are sites
of tooth surfaces close to the salivary duct orifices, because proteins produced in
saliva could help to form biofilm and calculus. In humans, it is the lingual surface
of the lower front teeth and decreases towards the third molar teeth. On the upper
jaw, the supragingival calculus is often formed on the buccal surfaces of the first
molars [22]. Also, in veterinary patients, supragingival calculus usually accumu-
lates more rapidly and in larger amounts on the buccal surfaces of the upper jaws
[23]. Places for sampling are variable depending on the anatomical proportion of
hosts that are used for research as volunteers. Except for humans, it is possible to
study dental biofilm also on domesticated or wild animals. Important criteria in
the case of human biofilm are smoke, veganism, celiac disease, age, health condi-
tion, therapy with medication and so on. Each external and internal factor could
change the composition of biofilm and each human has individual microbiota in
the mouth. It is better when the group of volunteers has similar dental care
(a type of toothpaste used) and similar food consumption habits. The selection of
volunteers should be based on the targeted microbiota from the dental biofilm e.g.
autochthonous or allochthonous or obtaining of pathogenic bacteria from target
pathological lesions in the oral cavity, e.g. caries, etc. Autochthonous microbiota
is isolated from volunteers who starve overnight after carefully brushing their
teeth. The dental biofilm sample has to be obtained immediately after waking up.
Volunteers could not eat, drink or brush their teeth before sampling. The composi-
tion of autochthonous or allochthonous microbiota depends on sampling time. If
sampling takes place during the day, samples also contain allochthonous micro-
biota. Better condition for obtaining samples of autochthonous microbiota is from
volunteers, which several days do not brush the their teeth.
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2.2 Taking of dental biofilm samples

Samples of dental biofilms are easy to obtain, sampling is very simple, painless
and noninvasive. Each human volunteer should confirm it with the signed agree-
ment with taking samples, their next processing and provide the data in the anam-
nestic questionnaire concerning GDPR. In the case of domestic animals, dog or cat,
owners have to agree with the possibility of sample taking and processing.

All things that are needed for the researcher are a sterile syringe needle and a
sterile Eppendorf tube filled with sterile filtrated PBS commercial produced or
according https://www.protocolsonline.com/recipes/phosphate-buffered-saline-
pbs/. Cultivation liquid medium can be use for this purpose too.

We provide Brain hearth infusion broth (Merck K GaA Darmstadt, Germany).

In the case of lactic acid bacteria isolation, we use deMan, Rogosa and Sharpe MRS
(CONDA S.A, Madrid Spain) broth. The blood agar (Tryptic soy agar (TSA)) with
5% ram’s blood (BBL, Microbiology Systems, Cockeysville, USA) is often chosen

as the first medium for the cultivation of bacteria in bacteriology. In case of selec-
tion of major streptococcal species it is good to use Mitis Salivarius Agar (Merck

K GaA Darmstadt, Germany). The classical cultivation method is at 37.5°C during
24-48 hours under anaerobic or aerobic conditions, depending on target bacterial
members of dental biofilm. We provide BD GasPak™ systems (Becton, Dickinson
and Company) for anaerobic cultivation. The further selection of strains is according
to the cultivation characteristics of selected colonies. Selected strains could be stored
in the glycerol stock or Microbank system (Pro Lab Diagnostic). Each isolated strain
has to be identified for further analysis. We provide MALDI-TOF mass spectrometry
or Blast n analysis of 16S rRNA sequence for identification. The biochemical tests
could help with the identification and reveal the characteristics of the tested strain.

2.3 Methods useful for identification of bacterial composition of dental biofilm

For the study of the bacterial community and its composition, it is possible to use
numerous methods. At first, it needs to be mentioned the classical microbiology. By
classical bacteriology cultivation methods, we could select different types of culti-
vable bacteria in samples of dental biofilm. For this purpose, we could use different
types of media, from liquid to solid, from basic to highly specific and selective media.
Different conditions are also used in aerobic and anaerobic cultivation. The most
numerous bacterial resident in the dental biofilm has better start line as low repre-
sentative bacteria. On the other hand, the conditions in a cultivation medium could
bring sometimes better conditions for the growth of former less presented bacteria in
a tested sample. Due to this problem, it is hard to declare the ratio of different types of
cultivable bacteria. Colonies forming units (CFU) method could reveal the approxi-
mate ratio of bacteria, but only the cultivable ones. Quantitative real-time PCR isa
cultivation-independent perfect toll for declaring of the bacterial composition of cul-
tivable, hard cultivable or uncultivable bacteria in tested sample, but it is limited due
to numbers of selected bacterial groups. Amplicon sequencing is a sensitive method
that is cultivation independent and good for declaring the composition of all bacterial
members in the tested sample and it could quantify the ratio between bacterial groups
[24, 25]. This method is cultivation free and principle is based on the amplification of
total DNA isolated from the sample and next-generation sequencing (NGS) analysis.
Big data obtained after sequencing are analyzed iz silico.

If we combine the amplicon sequencing method with 16S rRNA identification of
selected and isolated bacteria, we obtain perfect strategy and tools for confirmation
of identified cultivable and uncultivable bacteria and also their semiquantitative
ratio in our sample of dental biofilm.
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It is necessary to know the numbers and ratios of bacteria in the sample because
it can bring light to physiological or pathological parameters. On the other hand, it
is hard to study this topic, due to the different bacterial composition of individual
dental biofilms. Many isolated bacteria are autochthonous and host specific, and
still found in a dental biofilm of the individuals. Based on these findings we can
predict approximately similar conditions.

Cultivation, isolation, identification, and storage of the strains are necessary
steps for deep research of pathogens, potential pathogens, and potentially probiotic
strains and research of their interaction.

2.4 Classical cultivation necessary step in research

This method is still necessary for valid research of potentially beneficial bacteria
and their products in dental biofilm. For testing of potential candidates as probiotic
bacteria from dental biofilm at first, we need to isolate and store it by microbiologi-
cal cultivation techniques. The same goes for pathogenic bacteria. A very important
step in bacteriology research is the identification of bacteria. Form of growth,
Gram staining, catalase activity, biochemical parameters are helpful in the analysis
of solitary bacterial colonies. These methods are in some cases imperfect for the
exact identification of bacteria. In comparison with the methods mentioned above,
the sequencing of genes coding 16S RNA or other PCR products and next Blast n
analysis or MALDI-TOF mass spectrometry identification are more sensitive.

Other growth characteristics as the possibility of growth inhibition of other
bacteria are helpful in the selection of candidates with the production of bioactive
substances, especially in the case of biosurfactants, bacteriocins, or bacteriocin-like
inhibitory substances (BLIS) [26, 27].

The presence of genes coding bioactive substances could be easily detected by
PCR, but better is to check the possibility of their production at first. For example,
Streptococcus salivarius inhibition potential against Micrococcus luteus could help
unfold the production of salivaricin [28]. Streptococcus thermophilus could induce
cell lysis of Pediococcus acidilactici and reveal the potential of Thermophilin 110 pro-
duction [29]. Generally, if the presence of bacteriocins is detected in tested poten-
tial probiotics by growth inhibition during cultivation with the target organism,
the next step with the help of cultivation and proteomic methods is the overlaying
gel test. It can detect the mass size of bacteriocins, i.e. in the case of Lactobacillus
plantarum or Streptococcus thermophilus or other tested bacteria [29, 30]. Cultivation
is also necessary to obtain a large volume of bacteriocin for further testing with the
help of large volume fermentation. If bacteriocins are soluble and are produced in
cultivation media, flow centrifuge is needed for their isolation. If bacteriocins are
insoluble it is necessary to use ultracentrifuge in this step. The extraction of bacte-
riocins is an important step in isolation [31]. If we have pure bacteriocins for test-
ing, cultivation is still needed. For example, salivaricin isolated from Streptococcus
salivarius K12 is active against bacterial species involved in halitosis, by inhibition
of Micrococcus luteus 11, Streptococcus anginosus T29, Eubacterium saburreum ATCC
33271 and Micromonas micros ATCC 33270 [28].

Cultivation procedures are needed in case of studying of the capability of the
other bioactive substances like biosurfactants or exopolysaccharides. These two
products have antagonist effects. Exopolysaccharides enhance adherence and
biosurfactants promote disruption of adherence.

It was detected that biosurfactant produced by Lactobacillus reuteri could very
significantly down-regulate expression of Streptococcus mutans glucosyltransferase
genes (gtfB, gtfC) and fructosyltransferase gene ftf [32]. These genes are very
important for the production of exopolysaccharides which are responsible for
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adherence of oral streptococci [33, 34]. In the case of Streptococcus mutans glucos-
yltransferase genes are responsible for cariogenic activity [35]. These genes are also
useful for the differentiation of streptococcal candidates which are often difficult to
differentiate because they have high homologous sequences in the 16S rRNA gene.

3. Possibility to produce bioactive substances detected in tested potential
bacterial probiotic candidates by PCR (bacteriocins, biosurfactants,
and exopolysaccharides)

3.1 Recommended isolation of DNA

The isolation of DNA from bacteria that are difficult to isolate, i.e. lactobacilli
strains, is performed by the NucleoSpin® Tissue kit (Macherey-Nagel GmbH and
Co. KG, Diiren, Germany) using a lysis solution during overnight incubation at
95°C. The next steps of DNA isolation are according to the manufacturer’ pro-
cedure. It is possible to use other kits for DNA isolation. It depends on researcher
choice and routine practice in PCR laboratory. After isolation of DNA it is bet-
ter to verify DNA quality and quantity. We use Nanodrop spectrophotometric
(Wilmington, Delaware USA) analysis for this purpose.

For quick isolation of DNA it is also possible to use one bacterial colony and
100 pl DNAzol direct (Molecular research centre Inc. Cincinnati. USA), and heat
it to 95°C during 15 min for isolation of DNA without measuring of DNA quantity,
but storage of DNA samples for next analysis is time limited. For storage of DNA
isolated by both methods we recommended —20°C. The isolation steps are accord-
ing to the manufacturer and specific sample.

For PCR we could use Mastermix: One Taq 2X Master Mix (England Biolabs,
Ipswich, Massachusetts, USA) and specific primers (Tables 1-3) in concentration
of 33 pmol at volume 0.6 and 1-2 pl of DNA isolated with help of DNAzol direct.

3.2 Bacteriocins and methods for their detection

A large number of lactic acid bacteria produce bacteriocins that kill other
microorganisms. Lactobacilli bacteriocins have potential utility as pathogen inhibi-
tors in humans [36]. Also, oral streptococci have their bacteriocins for example
Streptococcus mutans have mutacin, and Streptococcus salivarius has salivaricin
[37, 38]. There are a number of factors influencing the efficacy of bacteriocins
in vivo and in situ, including the survival of the production strain, specific activity,
and animal model and targeted pathogen. However, bacteriocins have a great deal
of promise to manage various infections and may become an alternative to existing
antibiotics. Bacteriocins will need to undergo the same rigorous, costly research and
validation process as all other previously approved therapies used in therapy [26].
Recommended conditions for detection of genes coding bacteriocins of some oral
potential beneficial bacteria by PCR are described in (Table 1).

The researcher could study probiotic or pathogenic bacteria depending of the
particular relationship to diseases. For example, PCR condition for bacteriocin
detection from Lactobacillus spp. is mentioned in the publication [46]. Detection
of genes coding production of bacteriocins is only the start of the research. By this
method, we could select potential candidates for further research. Inhibition poten-
tial can be detected by preferred sensitive bacterial strain for example like in case
of Streptococcus salivarius salivaricin the sensitive strain is Micrococcus luteus [28].
After confirmation of bacteriocin gene presence in tested isolates, there is still much
work to be done with purification, fractionation, and isolation of bacteriocins. Not
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Target gene Primers PCR protocol Productsize  Source
Bacillus sfp F 5’ ATGAAGATTTACGGAATTTA3' 95°C, 3 min, 30x 675 [55]
subtilis sfp R 5" TTATAAAAGCTCTTCGTACG3' (95°C, 30 sec,
surfactin sfp 50°C, 30 sec, 72°C,
45 sec) 72°C,
10 min
Bacillus srfAA F 5TCGGGACAGGAAGACATCAT3’ 95°C, 3 min, 30x 201 [55]
subtilis srfAAR (95°C, 30 sec,
surfactin 5'CCACTCAAACGGATAATCCTGA3Z 60°C, 30 sec, 72°C,
srfAA 30 sec) 72°C,
10 min
Bacillus fenBF 95°C, 3 min, 30x 201 [55]
subtilis 5'CCTGGAGAAAGAATATACCGTACCY3’ (95°C, 30 sec,
fengycinfenB  fenB R 5GCTGGTTCAGTT KGATCACAT3'  57°C, 30 sec, 72°C,
45 sec) 72°C,
10 min
Bacillus fenD R 5'GCTGGTTCAGTT KGATCACAT3' 95°C, 3 min, 30x 670 [55]
subtilis fenD F 5GGCCCGTTCTCTAAATCCAT3’ (95°C, 30 sec,
fengycin fenD 60°C, 30 sec, 72°C,
1 min) 72°C, 5 min
Bacillus ituD F 5TTGAAYGTCAGYGCSCCTTT3 95°C, 3 min, 30x 482 [55]
subtilis iturin ituD R 5" TGCGMAAATAATGGSGTCGT3' (95°C, 30 sec,
ituD 57°C, 30 sec, 72°C,
32 sec) 72°C,
10 min
Bacillus ituC F 5 GGCTGCTGCAGATGCTTTAT3’ 95°C, 3 min, 30x 423 [55]

subtilis iturin
ituC

ituC R 5" TCGCAGATAATCGCAGTGAG3'

(95°C, 30 sec,
58°C, 30 sec, 72°C,
30 sec) 72°C,
10 min

Table 2.

PCR conditions used for the detection of gene coding production of biosurfactants.

all bacteria which present genes for bacteriocins are also capable inhibit pathogens.
Some inhibition effects are caused by bacteriocins like inhibitory substances or by
others active molecules which are waiting to discovered.

3.3 Biosurfactants and methods for their detection

Biosurfactants are naturally produced molecules that demonstrate potentially
useful properties such as the ability to reduce surface tensions between different
phases [47]. The release of biosurfactants by adhering microorganisms as a defense
mechanism against other colonizing strains on the same substratum surface has
been described previously for probiotic bacteria in the urogenital tract, the intes-

tines, and the oropharynx, but not for microorganisms in the oral cavity [48]. The
antimicrobial properties observed in dialyzed biosurfactants produced by the tested
lactobacilli open possibilities for their use against microorganisms responsible for
oral diseases [49]. Biosurfactants (BS) obtained from Lactobacillus spp. exhibit
antibiofilm and antiadhesive activity against a broad spectrum of microbes [50].
For example, they are active against biofilm formation of Candida albicans [51] or
Staphylococcus aureus [52]. Biosurfactants produced by the Bacillus subtilis SPB1
strain (HQ392822) revealed a wide spectrum of actions including antimicrobial
activity towards multidrug-resistant microorganisms [53, 54]. For the detection of
biosurfactants production, i.e. in the case of Bacillus subtilis, it is recommended to
use PCR with the help of specific primers listed in Table 2.
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Other species producing biosurfactants and condition for their detection are able
in research papers for example: Lactobacillus paracasei produced biosurfactants with
anti-adhesive properties [56]. Streptococcus mitis biosurfactants plays a protective role
in the oral cavity and protects against colonization of saliva-coated surfaces by cario-
genic Streptococcus mutans [48]. Based on Bacillus subtilis SPB1 lipopeptides production
researcher predict their possibility used in toothpaste formulation [53]. Biosurfactants
are promising bioactive molecules for oral-related health applications [47].

3.4 Exopolysaccharides and methods for their detection

Lactic acid bacteria are the most frequently mentioned in studies of exopolysac-
charides (EPS) in oral microbiota [57]. Except for lactobacilli, which are partici-
pated in the later stages of dental biofilm formation, streptococci are one of the
first bacteria capable of producing EPS. Streptococci are able to assert themselves
and adhere to the hard tissues of the oral cavity immediately after washing the
teeth. This property of adherence is predetermined and is encoded in genes that are
also responsible for the production of glucosyltransferases. Glucosyltransferases
(Gtfs) are produced by several types of lactic acid bacteria [58]. Gtfs are generally
characterized as Gtf-S (glucosyltransferase-soluble) or Gtf-I (glucosyltransferase-
insoluble) enzymes, depending on whether the glucan they produce is water soluble
or insoluble [59]. For detection of exopolysaccharides production in oral lactic acid
bacterial members is useful PCR with help of specific primers see in Table 3.

4. Testing of growth inhibition activity against pathogens

Testing of bacterial isolates as potential beneficial candidates or their products
is necessary step in new discoveries. We are able declarate production of bioactive
substance by very easy PCR reactions, as mentioned above in part 3. Activity of
these substances is easy to declare by simply iz vitro tests. At first for activity it is
possible to use spot on or disc diffusion test. Same mechanism of declaration is for
live bacteria isolates as for isolated bioactive substances.

If we found bacteria with interesting effect in spot or disc diffusion test it
predict selection criteria of former characterized bacteria for next research.

4.1 The disc diffusion method for Lactobacillus reuteri for testing of growth
inhibition activity against pathogens

We recommend the disc diffusion test for the detection of the inhibitory proper-
ties of beneficial microorganisms. Selected lactobacilli strains were grown on MRS
agar (CONDA S.A, Madrid Spain) for 48 hours. anaerobically (Gas Pak Plus, BBL,
Microbiology Systems, Cockeysville, USA) at 37°C. Then, a standardized suspen-
sion with an optical density of 1 McFarland by dissolving several solitary colonies in
5 ml of physiological saline was prepared. Sterile clean discs (6 mm diameter, BBL,
Cockeysville, USA) were placed on Petri dishes (@ 90 mm) with 20 ml of PYG agar
(HiMedia Laboratories GmbH Einhausen, Germany). The sterile paper discs were
inoculated with 5 pl of standardized suspensions of lactobacilli.

As a negative control, one Petri dish with PYG agar is served with a clean paper
discs soaked with sterile MRS broth.

The plates with discs were incubated for 48 hours. anaerobically (Gas Pak Plus,
BBL, Microbiology Systems, Cockeysville, USA) at 37°C. The discs were removed
with a sterile syringe needle or tweezer after incubation. Subsequently, 3 ml of 0.7%
PYG agar was inoculated with 0.3 ml of the indicator pathogenic strain and put into
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plates with lactobacilli. Pathogenic strains were incubated for 18 hours in PYG broth
at 37°C. The plates with YPG medium inoculated with pathogen were incubated for
24 hours aerobically at 37°C. After incubation, the diameter of the inhibition zones
was measured. The results were recorded in the table as the arithmetic means of the
three measurements + standard deviation.

4.2 The disc diffusion method for Streptococcus salivarius for testing of growth
inhibition activity against pathogens

The disc diffusion test with Micrococcus luteus was used for the preliminary
testing of Streptococcus salivarius inhibition [39]. This test analyses the activity of
the BLIS produced in agar and determines the activity spectrum of Sal9 producers.
Briefly, the tested strain was inoculated across the surface of the Blood agar medium
(BBL, Microbiology Systems, Cockeysville, USA) in a glass Petri dish (@ 90 mm) as
a1lcm-wide streak. After incubation, the strain growth was stopped by its exposure
to chloroform vapor for 30 min. The plate was then aired for 15 min before 24 hours
inoculating cultures as the indicator strains across the original tested strain. The
plate was incubated for 24 hours and examined for the zones of the indicator strain
growth inhibition. The inhibition activity against the selected standard indicators
was recorded in code form by inoculating the indicators in three triplets. The inhibi-
tion of the first member of a triplet was given a score of 4, the second a score of 2,
and the third a score of 1. The absence of the inhibitory action against an indicator
was scored as 0. The code was recorded as a sequence of three numbers representing
the sum of each triplet. All tests were performed in duplicate, and further testing
was undertaken until the consistency of the inhibition patterns was obtained [63].

5. Conclusion

It is necessary to know the composition of the dental biofilm of healthy indi-
viduals and the bacterial composition in pathological conditions to identify species
responsible for disease initiation and progression. Identification of species and their
characterization is essential for the selection of pathogenic, potentially pathogenic
and potentially probiotic species. Blast n analysis of 16S RNA or MALDI-TOF mass
spectrometry identification is perfect tools for identification of bacterial species.
The ability to modulate the microbiocenosis of the dental biofilm by bacteria living
together in the biofilm should be studied. The some bacteria are capable of produc-
ing bioactive substances whose presence we can quickly and easily declare with
help of PCR. Sequencing and comparing of genes coding bioactive substances can
uncover differences between tested bacteria isolates. Presence of these genes and
prove the ability to inhibit the growth of other bacterial species are important steps
in selection of potentially probiotic candidates. These bacteria are of great inter-
est for further study and may be useful in the development of new antibacterial
agents. Bioactive substances can be extracted by physical methods (centrifugation,
separation and fractionation), by chemical methods (purification) and detected
by modern analytical method (HPLC) or proteomic methods (MALDI-TOF MS).
Next important step is declaration of activity pure extracted substance. Bioactive
substances of bacterial origin can be used in dental preparations and serve as
prevention or supplementary therapy of periodontal diseases. During recent years
there has occurred a shift towards ecological and microbial community based
approach to the therapy of oral cavity diseases. With the increasing resistance to
antibiotics, the use of probiotics appears as a prospective alternative treatment or
preventative measure in the control of periodontal diseases. From the clinical point
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of view, it is not yet possible to give direct reccommendations for the use of probiot-
ics. However, the available scientific evidence indicates that probiotic therapy is a
promising approach also in the field of stomatology. The potential beneficial strains
of Streptococcus salivarius or Lactobacillus reuteri and others bacterial strains isolated
from many oral biofilms can be selected for next research based on their produc-
tion of bioactive substances and on growth inhibition level against oral pathogenic
bacteria not only in human but also in social animals like dogs and cats.
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Abstract

Microorganisms that compose the oral microbiota maintain complex interactions
with each other, especially pathogens related to periodontal disease. It is possible
to characterize the etiology of this multifactorial and polymicrobial disease by the
accumulation of biofilms formed in the supra- and subgingival environments associ-
ated to the immunological response and the susceptibility of the host, being respon-
sible for a large part of the dental loss especially in the adult phase. Periodontal
treatment has been carried out mainly by scaling and root planing. This therapy is
limited due to the difficult access in some areas of the teeth, impairing the removal
of biofilms. So, this chapter will focus on the composition and formation of the
biofilm as well as the host’s immune response to periodontopathogenic microorgan-
isms. Additionally, the therapeutic challenges and the treatments that are currently
being studied in order to eliminate this biofilm, such as antimicrobial phototherapy,
will be discussed.

Keywords: bacterial biofilm, periodontal diseases, oral infections, phototherapy,
photodynamic therapy

1. Introduction

The human oral microbiota are composed of a wide variety of microorgan-
isms, among the various species of bacteria, fungi, viruses, and protozoa, which
live in commensalism, without cause damage to the host [1, 2]. Alterations in the
microbial composition due to changes in the environmental conditions or decrease
of the host immunity may lead some commensal microorganisms, for instance,
Streptococcus sp., Fusobacterium sp., Porphyromonas sp., Eimeria sp., Haemophilus
sp., Lactobacillus sp., and Staphylococcus sp., to act as opportunists causing infec-
tions such as periodontal diseases [2].

Periodontal diseases affect a large part of the population, being one of the main
causes of tooth loss in humans [3]. This infection is dependent on the result of the
interaction of bacteria with different virulence, present in the dental biofilm, with
factors that modify the host immunoinflammatory response [3]. The dental biofilm
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is a highly organized structure of microorganisms, in which the microbial species
are connected to each other, embedded into an extracellular polymeric matrix form-
ing a highly protective system for the resident species [2, 4, 5].

This infection is not just a local phenomenon, since the microorganisms can pen-
etrate the bloodstream and colonize other niches of the human body, causing bacte-
remia. Bacteremia is common in individuals who have oral infections, especially in
patients with deficient immune systems [2]. Additionally, it has been suggested that
there is a relationship between periodontal pathogens and the onset of pulmonary,
cardiovascular, diabetes, rheumatoid arthritis, and gestational complications [6-9].

For the treatment of periodontal disease, mechanical removal of the biofilm
has been performed as well as the use of antibiotics and antiseptics for bacterial
decontamination or as adjuvants to the mechanical removal of the subgingival and
supragingival plaque [10]. However, the reinfection occurs very often, and the
control of the inflammatory response is difficult. In some individuals, the inflam-
matory response may reflect a systemic dysregulation, and thus, the resolution
of inflammation is impaired using conventional treatment [11]. In this context,
phototherapy has been considered as an alternative to antimicrobial agents, such as
antibiotics, to suppress subgingival bacterial species and to act as an adjuvant to the
conventional treatments to combat periodontal disease.

It is believed that the future in healthcare is to search more efficient treatment
alternatives that reduce operating time by improving the final result, eliminating
the side effects of the treatment. Thus, the expectancy regarding the application
of phototherapy for the treatment of bacterial infections is high, since this therapy
has been effective in eliminating the microorganisms present in biofilms without
causing systemic side effects to the host tissues.

2. Periodontal disease: classification, epidemiology, and etiology

Recently, a new classification for periodontal diseases has been suggested [12].
In general, the gingivitis can be defined as gingival inflammation caused by bacte-
rial biofilm. Periodontitis includes gingival inflammation accompanied by bone loss
and is classified into three different forms: necrotizing periodontitis, periodontitis
as a manifestation of systemic disease, and periodontitis. In the last one, periodon-
titis is classified as “chronic” and “aggressive” [12].

Periodontal disease has been considered multifactorial, episodic, and site-
dependent in nature [13-16]. Despite being a multifactorial infection, over the years
several studies have demonstrated the importance of microorganisms in the instal-
lation and progression of the disease [17-21]. It has been estimated that the presence
of plaque and gingivitis is very prevalent in humans, affecting more than 90% of
the adult individuals. However, the same cannot be said for periodontitis where,
despite the abundance of plaque in most people, the prevalence of periodontitis is
relatively low, affecting about 20% of the individuals [22].

In periodontal pockets, the location or distribution of pathogens may be related
to periodontal destruction. Noiri et al. [23] reported the presence of Prevotella
nigrescens in the middle portion of periodontal pockets (epithelial tissue) and the
presence of Fusobacterium nucleatum and Treponema denticola (in areas of non-
adherent plaque), related to areas of adhered plaque and Aggregatibacter actinomy-
cetemcomitans, in the apical region of the pockets. According to Slots [17] regarding
the presence of bacteria in the periodontal pockets, 89.5% were obligatory anaero-
bic, and 74.9% were Gram-negative. Of all Gram-positive bacilli, 78.4% (deep
pockets) and 19.9% (healthy groove) were anaerobic. It can be hypothesized that
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gingival inflammation initiated by the supragingival plaque may produce favorable
environmental conditions for the colonization of Gram-negative bacteria [17].

In 1988, Socransky and Haffagee [18] reported that destructive periodon-
tal disease depends on the compatible nature of the host or beneficial species
colonizing the gingival margin that favors the colonization of other spe-
cies. Combination of F. nucleatum, Tannerella forsythia and Wolinella recta or
Bacteroides gingivalis, Bacteroides intermedius, and Staphylococcus intermedius were
associated with sites with greater insertion loss and deep pockets. Clusters of
Veillonella parvula and Actinomyces sp. or combinations of Streptococcus sanguis
I1, Streptococcus mitis, V. parvula, and S. intermedius were associated with sites
of lower disease activity and responded more favorably to therapy. Kamma
et al. [24] reported that 93.6% of the collected sites presented probing bleed-
ing, and 23.5% were positive for suppuration. Prevotella intermedialP. nigrescens,
Porphyromonas gingivalis, and Campylobacter rectus were detected in 77.3-85.9% of
the samples using culture methods and in 85.6-91.3% using immunofluorescence.
Peptostreptococcus micros and A. actinomycetemcomitans were found respectively
in 63.3 and 25.0% of all sites using culture method and in 58.7 and 27.7% of sites
using immunofluorescence. P. gingivalis, T. forsythia, P. intermedialP. nigrescens,
and C. rectus were observed in 62.1% of the tested sites and 89.4% of the studied
patients. The sensitivity found for immunofluorescence of T. forsythia, C. rectus,
P. intermedialP. nigrescens, and P. gingivalis was high (0.99-0.94) using culture
as a reference detection method. The agreement between culture and immuno-
fluorescence in detecting the presence or absence of the investigated species was
85.2-88.1% for P. gingivalis, P. intermedia/P. nigrescens, C. vectus, and T. forsythia,
75.9% for A. actinomycetemcomitans, and 70.4% for P. micros.

Comparing the subgingival microbiota of healthy individuals with gingivitis and
early periodontitis, using the culture method and DNA probes for hybridization
diagnosis, it was initially observed by the culture method that Bacteroides forsythus,
Campylobacter vectus, and Selenomonas noxia were predominant species associated
with active interproximal lesions. Actinomyces naeslundii and Streptococcus ovalis
were dominant in the colonization of active vestibular sites. Actinomyces naeslundii,
Campylobacter gracilis, and T. forsythia (at lower levels than periodontitis) were
predominant in gingivitis. Health-associated species were Streptococcus ovalis,
Actinomyces naeslundii, and Actinomyces gerencseriae. By DNA probe diagnosis,
higher averages of Bacteroides forsythus and Campylobacter rectus were identified in
periodontitis. Porphyromonas gingivalis and A. actinomycetemcomitans were detected
less frequently in the studied subjects [25].

It has been reported that the microbiota may also vary depending on the teeth
involved [26]. Evaluating the microbiota in primary teeth, Kamma et al. [26] found
that Gemella morbillorum and Peptostreptococcus magnus were more frequent in
incisive teeth, while P, micros, Streptococcus intermedius, Bacteroides forsythus (T. for-
sythia), Fusobacterium nucleatum, Prevotella loeschei, Prevotella melaninogenica, and
Selenomonas sputigena were more frequent. The bacterial species Streptococcus con-
stellatus, P. micros, Pseudoramibacter alactolyticus, Eikenella corrodens, and F. nuclea-
tum were associated with non-blooded sites, while S. intermedius, Campylobacter
concisus, P. intermedia, and Prevotella loescheii were more frequently found at sites
with bleeding [26].

Some authors define that the pathogenesis of periodontitis involves anaerobic
bacteria in the oral cavity and that tissue damage occurs as a result of complex
bacterial pathogenic interaction and the host’s immunoinflammatory response to
infection [27-30]. Additionally, although each microorganism has an important
role, it is believed that Gram-negative anaerobic rods (A. actinomycetemcomitans,
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P, gingivalis, P. intermedia, Bacteroides forsythus, C. vectus, Eubacterium nodatum, P,
micros, S. intermedius, and Treponema sp.), mobile rods, and spirochetes are mainly
responsible for causing periodontal disease [31].

As the periodontal diseases are mixed with synergistic infections, it is dif-
ficult to determine the role played by a particular species. Studies have shown the
relationship of A. actinomycetemcomitans with localized aggressive periodontitis
and its association with F. nucleatum, P. gingivalis, T. forsythia, and T. denticola in
chronic periodontitis. Tannerella forsythia also shows a remarkable ability to stay in
periodontal sites undergoing mechanical or antimicrobial treatment and, because
of this feature, is associated with refractory periodontitis [30, 32, 33]. Colombo
et al. [34] reported that individuals with refractory periodontitis had a significantly
higher frequency of periodontopathogens, such as Parvimonas micra (previously
Peptostreptococcus micros or Micromonas micros), Campylobacter gracilis, Eubacterium
nodatum, Selenomonas noxia, Tannerella forsythia, P. gingivalis, Prevotella sp., and
Eikenella corrodens. In addition to these species, some unusual were also identi-
fied: Pseudoramibacter alactolyticus, TM7 sp. [OT] 346/356, Bacteroidetes sp. OT
272/274, Solobacterium moorei, Desulfobulbus sp. OT 041, Brevundimonas diminuta,
Sphaerocytophaga sp. OT 337, Shuttleworthia satelles, Filifactor alocis, Dialister
invisus/pneumosintes, Granulicatella adiacens, Mogibacterium timidum, Veillonella
atypica, and Mycoplasma salivarium. Accordingly, increased proportions of
P, gingivalis, Bacteroides forsythus, Prevotella, Fusobacterium, Campylobacter, and
Treponema species were more prevalent in supra- and subgingival samples from
individuals with periodontitis [20].

3. Bacterial plaque: biofilm structure, composition, and formation

The positive association of bacterial plaque (biofilm) accumulation and peri-
odontal tissue inflammation was evidenced in 1965 by Loe et al. [35] establishing
the theory of the “nonspecific plaque hypothesis.” This theory related gingival
inflammation and periodontal destruction from an accumulation of nonspecific
microorganisms on the gingival margin. However, later Loe et al. [36] observed that
some individuals did not have periodontal disease despite having a large accumula-
tion of gingival plaque, contradicting the “nonspecific plaque hypothesis.” Thus, the
“hypothesis of specific plaque” emerged, which associates the progression of the
disease with the microbial composition. However, this hypothesis did not justify
cases in which periodontopathogens were found in places where the disease was not
detected or cases in which periodontal disease was diagnosed but microorganisms
were not found [37].

In the early 1990s, a new hypothesis called the “ecological plate hypothesis” was
described [38]. This hypothesis proposes that the development of gingivitis occurs
due to nonspecific plaque accumulation that causes inflammation in the gingival
tissues, causing changes in the gingival sulcus environment that make it an environ-
ment conducive to the development of Gram-negative bacteria. These environmen-
tal changes lead to immunomodulated tissue and inflammatory changes and tissue
destruction and result in a greater predominance of periodontopathogens in this
microenvironment [22]. This hypothesis corroborates the current concept that the
cause of periodontal disease may depend on the host’s environmental and immu-
nological factors and not on a particular microorganism or plaque buildup [39].
This concept led researchers to gain a greater understanding of the pathogenesis of
periodontal disease [22].

Biofilms that are formed on tooth surfaces and epithelial cells lining the peri-
odontal/gingival sulcus are among the most complex and diverse biofilms formed
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by up to 800 different species described so far [40]. It has been reported in the
literature that Gram-negative anaerobic bacteria are generally related to periodontal
disease. However, facultative anaerobic Gram-positive bacteria are considered
beneficial for periodontal health, such as Streptococcus sanguinis, which has the abil-
ity to produce hydrogen peroxide, which is cytotoxic to A. actinomycetemcomitans, a
periodontopathogen that is already established in the literature [41, 42].

Bacteria organized in biofilms form microcolonies surrounded by a matrix
consisting of extracellular polysaccharides and glycoproteins. This matrix gives
protection to bacterial cells and can make these microorganisms up to 1500 times
more resistant to antimicrobial treatments in the oral cavity compared to plank-
tonic bacteria [43]. In addition, biofilms are permeated by circulatory channels
(which allow the entry and exit of nutrients, metabolites, and residues) and have a
mechanism of communication between bacteria called quorum sensing [44]. From
this mechanism it is possible to coordinate the bacterial behavior in relation to the
environment, being able to regulate the expression of specialized genes according
to the population density and to intervene in physiological processes such as the
induction of virulence factors [45, 46].

The diversity among the bacterial population in biofilms is due to the existence
of microenvironments that present variations in chemical and metabolite concen-
trations and pH values, so that species with varied metabolic needs can survive
[47, 48]. This variety of bacteria present in biofilm ensures that polymicrobial
infections caused by dental plaque formed are more difficult to control and makes
identifying one or more specific organisms that may be responsible for the infec-
tion more difficult [49].

The periodontal biofilm is constantly formed in the supragingival region, and if
not removed within 2-4 days, the volume formed will cause this plaque to extend
below the gingival margin and into the groove. In a healthy furrow, the number of
bacteria found is approximately 10°*; however, in a deep pocket this number can
range from 108 to 10" [37, 50].

In the process of biofilm formation, subsequent layers of microorganisms
bind to existing bacteria through coaggregation. This coaggregation will only
occur if these microorganisms share characteristics and/or symbiotic relation-
ships as with the bacteria T. denticola and P. gingivalis. From the fermentation of
amino acids present in the T. denticola, gingival plaque produces succinate which
is used by P. gingivalis, which produces fatty acids which can contribute to T.
denticola growth [42].

As the bacterial population increases in the biofilm due to the addition of more
layers, oxygen runs out making it an environment conducive to anaerobic bacterial
colonization [39, 48, 51].

Until the late 1980s, the diagnostic methods used up to now, such as bacterial
culture, have not been able to detect and quantify periodontopathogens of sub-
gingival biofilms, given that in this biofilm there are anaerobic bacteria that need
adequate growth conditions, besides the difficulty in cultivating the microorgan-
isms that were smaller in the periodontal biofilm samples, preventing the identifica-
tion and characterization of this biofilm [51]. In this context, in 1998 Dr. Sigmund
Socransky described the technique called checkerboard DNA-DNA hybridization
for microbiological diagnosis using deoxyribonucleic acid (DNA) probes. From this
technique it was possible to develop researches that would improve the knowledge
of the periodontal disease microbiota, making it possible to evaluate a large number
of samples and microorganisms present in the oral cavity [52].

In this study, Socransky and Haffagee [52] grouped the bacteria in the samples
into six complexes named by different colors: red, orange, yellow, green, purple,
and blue complex. Table 1 describes the bacterial species that are part of each
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Complex Bacteria
Red Porphyromonas gingivalis
Tenavella forsythia

Treponema denticola

Orange Fusobacterium nucleatum

Fusobacterium periodonticum

Prevotella intermedia

Prevotella nigrescens

Parvimonas micra

Campylobacter rectus

Eubacterium nodatum

Campylobacter gracilis

Canpylobacter showae

Fusobacterium nucleatum ssp. vicentii

Fusobacterium nucleatum ssp. polimorphum

Streptococcus constellatus

Green Capnocytophaga sputigena

Capnocytophaga gingivalis

Capnocytophaga ochracea

Eikenella corrodens

Aggregatibacter actinomycetemcomitans

Yellow Streptococcus gordoni

Streptococcus mitis

Streptococcus sanguinis

Streptococcus orvalis

Streptococcus intermedius

Purple Actinomyces odontolyticus
Veillonella parvula
Blue Actinomyces gevencseriae

Actinomyces naeslundi

Actinomyces israelli

Table 1.
Representation of bacteria divided into complexes established in the study by Socransky and Haffagee [52].

complex. Bacteria that were grouped in the red complex are considered as etiologi-
cal agents of chronic periodontitis and related to gingival bleeding and increased
pocket depth. The bacteria under the complex named orange, which proceeds

the installation of the red complex and its constituents, are considered possible
periodontal pathogens. The complexes named green, yellow, purple, and blue are
integrated by bacteria that colonize the dental surface in the early stages of biofilm
formation and are compatible with periodontal health. However, these complexes
provide receptors and provide an ecosystem conducive to the emergence of bacteria
present in the orange complex and in turn the red complex, which are in fact related
to the pathogenesis of periodontal disease.
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4. Host immune response to pathogenic microorganisms

The main periodontopathogens, such as A. actinomycetemcomitans, P. gingivalis,
T. denticola, and T. forsythia, have important proteolytic and exopeptidase activ-
ity, which have trypsin-like activity. In T. denticola these proteases behave like
chymotrypsin-like serine proteases and are responsible for the invasion of this
microorganism into tissues. Moreover, they play an important role in the develop-
ment of necrosis in periodontal disease and amino acid fermentation by releasing
ammonia, hydrogen sulfide, methyl mercaptans, and highly toxic fatty acids, which
exert direct cytotoxic activity and reduce the speed of tissue repair [53-55]. A.
actinomycetemcomitans is capable of producing an active thermolabile leukotoxin on
neutrophils, monocytes, macrophages, and T lymphocytes, producing degranula-
tion of these cells, with subsequent tissue disorganization and local immunosup-
pression [56, 57].

A specific bacterial etiology for the development of periodontitis from longi-
tudinal studies with individuals infected with A. actinomycetemcomitans has been
suggested [58]. A cohort study of 96 students included a test group of 38 students
positive for A. actinomycetemcomitans and 58 healthy controls for this bacterium.
The patients were studied longitudinally for 2-3 years. During the study period, 7
of the 37 individuals that are actinomycete-positive (i.e., 18%) developed bone loss
compared to none of the A. actinomycetemcomitans-negative subjects. The authors
suggested that A. actinomycetemcomitans is a significant risk marker for the develop-
ment of aggressive periodontitis [58].

The interaction between the host and the microorganisms is clearly responsible
for the development of gingivitis injury. With regard to periodontitis, it can be
argued that the specific bacteria observed so far are present as a result of the dis-
ease, but not necessarily caused the disease. This argument is no different from the
most mucosal bacterial biofilm infections in which the relationship between disease
and inflammation is not clear. What comes first: host response or change in biofilm
microorganisms? [59].

Although many studies evaluate the subgingival microbiota of healthy and
diseased periodontal sites, further investigations are needed to fully understand
these infections and host-pathogen interaction and to study new treatment options
for this disease. One such approach is the phototherapy or photodynamic therapy
described below.

5. Conventional treatments and therapeutic challenges

The treatment of periodontal disease is focused on the elimination of biofilm
and calculus and the prevention of its formation. As a conventional treatment,
scaling and root planing (SRP) is performed by removing plaque accumulation and
calculating below the gingival margin, preventing disease progression and bacterial
recolonization on the tooth surface [60].

This treatment has caused a decrease in pathogens, considering that after this
procedure, it was reported in the literature that the bacterial load of T. denticola and
P, gingivalis was reduced after 1 year of SRP. In addition, this treatment has other
benefits, such as the gain in clinical insertion level and reduction of periodontal
pocket depth [61, 62].

However, this procedure is limited due to the technical difficulty in removing
biofilms located in hard to reach areas, such as very deep periodontal pockets, root
concavities, bifurcations, and large invaginations. Additionally, a possible relapse
may occur as some periodontopathogens such as A. actinomycetemcomitans and

203



Bacterial Biofilms

P, gingivalis can invade the tissue, so the persistence of these bacteria on the root
surface can cause recolonization in sites that have already been treated [39].

In order to optimize the effects of SRP treatment, protocols have been proposed
to associate systemic or local antibiotics to eliminate persistent bacteria after the
SRP procedure. Studies have shown that this association provides improvement in
the patient’s clinical condition [63]. The main antibiotics commonly used in the
treatment of periodontal disease are amoxicillin, metronidazole, clindamycin,
azithromycin, ciprofloxacin, doxycycline, and minocycline [64]. However, the use
of these drugs as an adjuvant to this disease has limitations, such as the emergence
of bacteria resistant to these antibiotics as well as the side effects caused by these
antimicrobial agents, such as diarrhea and vaginal candidiasis, which result from
the commensal microbiota imbalance. In addition, drug interaction may occur
between antibiotics and other drugs being used by patients, resulting in ineffective-
ness or other adverse effects [49, 65].

Thus, in recent years, in the area of dentistry, promising antimicrobial adjuvant
therapies have been studied, such as phototherapy and photodynamic therapy [66, 67].

5.1 Phototherapy and photodynamic therapy

Studies have shown that some bacteria related to periodontal disease have the
ability to produce a photosensitive substance intrinsically, such as protoporphyrin
IX. Even without the addition of a photosensitizing drug, pigmented bacteria have
been more susceptible when applied to phototherapy [66, 68]. Photosensitizers are
molecules that when irradiated by a light source at a suitable wavelength undergo
photochemical reactions to emit fluorescence. This process is used by photody-
namic therapy to produce reactive oxygen species [69, 70]. Most bacteria do not
have endogenous photosensitive compounds. Thus, cells lacking these compounds
may become susceptible to light when an exogenous photosensitizing molecule is
added [71, 72].

The mechanism of action of photodynamic therapy happens when the photo-
sensitive substance (intrinsic or extrinsic) is activated when irradiation is applied
by a light source compatible with the length of the substance. This process will form
reactive oxygen species, such as hydrogen peroxide, hydroxyl radical, and singlet
oxygen, causing the death of the bacteria. This interaction of light and photosen-
sitizer can occur through two types of reactions, called type I and I In the type
I reaction, charge transfer occurs between the photosensitizer and biomolecules,
resulting in radicals and radical ions that react with molecular oxygen, forming
reactive oxygen species. During the type II reaction, the excited triplet state photo-
sensitizer transfers energy directly to the fundamental triplet state oxygen, forming
singlet oxygen [69, 73, 74].

Studies involving photodynamic therapy and periodontal disease have
investigated different light sources such as light-emitting diodes, low-power
lasers, and conventional light [75-79]. As for photosensitizers, there are several
molecules studied aiming at inactivation of periodontopathogens such as poly-
L-lysine-chlorin-6 conjugate and phenothiazine dyes (toluidine blue and methy-
lene blue) [80, 81].

Photodynamic action is being increasingly studied to complement the microbial
reduction achieved by conventional mechanical periodontal therapy. In vitro stud-
ies have shown that periodontopathogens have been suppressed in planktonic phase
and biofilm, and after the application of photodynamic therapy, it has been verified
that virulence factors of these bacteria have been decreased, such as lipopolysac-
charides and proteases [82-84].Clinical trials have also shown that this therapy is
effective as an adjuvant in the treatment of periodontal disease [85-87]. However,
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several parameters must be considered for this therapy to be successful, such as
the photosensitizer used, its concentration, and the irradiation parameters. Thus,
further studies should be conducted to develop clinically applied protocols.

6. Conclusions

The etiology of periodontal disease is multifactorial and directly associated with
biofilm accumulation in the supra- and subgingival region, immune response and
host susceptibility. In recent decades, several studies have sought to investigate the
complex interactions of periodontopathogens in biofilm as well as adjuvant antimi-
crobial therapies that do not cause adverse effects in patients nor bacterial resis-
tance. Phototherapy and photodynamic therapy are examples of treatments that
have shown promising results in vitro and in clinical trials. Further investigations
need to be done in order to establish parameters which allow the safe and efficient
application of the therapy.
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Abstract

This chapter presents the ability of some pathogenic (Listeria monocytogenes,
Escherichia coli, Salmonella enterica, Campylobacter jejuni, Pseudomonas aeruginosa)
and toxigenic bacteria (Bacillus cereus, Staphylococcus aureus) to form biofilms
and contribute to the persistence of these microorganisms in the food industry.
Particularities regarding attachment and composition of biofilms formed in food
and food processing environments are presented and genes involved in biofilm
production are mentioned. To give a perspective on how to fight against biofilms
with new means, nonconventional methods based on bacteriocins, bacteriophages,
disruptive enzymes, essential oils, nanoemulsions and nanoparticles, and use of
alternative technologies (cold plasma, ultrasounds, light-assisted technologies,
pulsed electric field, and high pressure processing) are shortly described.

Keywords: bacteriocin, essential oils, bacteriophages, nanoemulsion,
alternative technologies

1. Introduction

Food matrices having water activities above 0.9 and wet food processing
environments are wonderlands for microorganism multiplication and biofilm
development. Biofilms are considered of great concern in regard to functioning
of mechanical parts that may be blocked, to energy consumption, which becomes
higher when heat transfer decreases, and to corrosion as corrosion rate of surfaces
increases underneath biofilms (corrosion grows 10-1000 times faster causing loss
of material and increasing porosity) but their presence in food and food processing
environments is also a serious public health risk due to problems associated with
foodborne illnesses and food spoilage [1].

The biofilms that are threatening the safety of food products are produced by
some pathogenic bacteria such as Listeria monocytogenes, Escherichia coli, Salmonella
enterica, Campylobacter jejuni, and Pseudomonas aeruginosa and toxigenic bacteria
such as Staphylococcus aureus and Bacillus cereus [2]. Biofilms are responsible for per-
sistence of such bacteria in food processing environments and (re)contamination
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of processed foods [3]. When contamination of food products happens, recalls are
necessary. These actions present large economic burden to industry and are also
associated with brand damage.

2. Biofilm formation

Biofilms are formed on all types of surfaces existing in food plants ranging from
plastic, glass, metal, cement, to wood and food products [4]. Usually, biofilms form
a monolayer or more often multilayers, in which bacteria may undergo a significant
change in physiology with an increased tolerance to environmental stresses [5].

L. monocytogenes, the pathogen that proliferates at low temperatures, is able
either to form pure culture biofilms or to grow in multispecies biofilms [6].
Prevalent strains in food processing environments have good adhesion ability due to
the presence of flagella, pili, and membrane proteins [7]. Composition of biofilms
produced by L. monocytogenes is different in comparison with that produced by
other bacteria. For example, exopolysaccharides like alginate in Pseudomonas or
poly-N-acetylglucosamine in Staphylo-coccus have not been put into evidence [8].

Salmonella spp. express proteinaceous extracellular fibers called curli that are
involved in surface and cell-cell contacts and promotion of community behavior and
host colonization [9]. Besides curli, different fimbrial adhesins have been identified
to have implications in biofilm formation, dependent of serotype. The presence of
cellulose in the biofilm matrix contributes to cells’ resistance to mechanical forces
and improved adhesion to abiotic surfaces [10]. Significant differences between
serovars were put into evidence regarding biofilm formation the most persistent in
food processing environments being the ones that are capable to form biofilms [11].

Flagella, pili, and membrane proteins are also used by E. coli to initiate attach-
ment on inanimate surfaces. Flagella are lost after attachment and bacteria start
producing an extracellular polymeric substance (EPS) that provides a better
resistance of bacteria to disinfectants as hypochlorite [12]. Similarities in biofilm
structure and composition as well as regulatory mechanisms with Salmonella spp.
have been demonstrated for E. coli, mostly in terms of expression of small RNAs
leading to a change in bacterial physiology regarding the cell motility and produc-
tion of curli or EPS [13].

In general terms, different E. coli serotypes have been reported to enhance flex-
ibility and adaptability in forming biofilms when exposed to different stresses. For
example, E. coli seropathotype A isolates associated with human infection, 0157:H7
and 0157:NM, showed greater ability to form biofilms than those belonging to
seropathotype B or C associated with outbreaks and hemolytic-uremic syndrome
(HUS) or sporadic HUS cases but no epidemics, respectively [14]. In addition,
synergistic interactions are taking place in a fresh-cut produce processing plant in
which E. coli is interacting with Burkholderia caryophylli and Ralstonia insidiosa with
the formation of mixed biofilms [15].

C. jejuni, which is known as an anaerobic bacterium, is able to develop biofilms
both in microaerophilic conditions (5% O, and 10% CO,) and in aerobic conditions
(20% O,) [1]. The cells embedded in the biofilm matrix are better protected from
oxygen and survive for days in food processing environments [1].

Pseudomonas spp. produce high amounts of EPS and have been shown to attach
and form biofilms on stainless steel surfaces. They coexist within biofilms with
Listeria, Salmonella, and other pathogens forming multispecies biofilms, more
stable and resistant [6].

B. cereus is a cause of biofilm formation on many food contact surfaces such as
conveyor belts, stainless steel pipes, and storage tanks [16], but it is also able to
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form immersed or floating biofilms, and to secrete within the biofilm a vast array
of metabolites, surfactants, bacteriocins, enzymes as lipases and proteases affecting
the sensorial qualities of foods, and toxins. For floating biofilms, the production of
kurstakin, a lipopeptide biosurfactant, that is regulated via quorum sensing (QS)
signaling is important [17].

Within the biofilm, B. cereus exists either in vegetative or in sporal form, the
spores being highly resistant and adhesive, properties that increase the resistance of
the bacterium to antimicrobials and cleaning procedures.

Four mechanisms based on the flagellar motility of B. cereus are described as
being involved in biofilm formation. The first mechanism is used in static condi-
tions when the bacterium must reach on its own suitable places for biofilm forma-
tion [18], at the air-liquid interface. The second one is represented by the creation
of channels in the biofilm matrix to facilitate nutrients’ access on one hand and
penetration of toxic substances on the other hand [19]. The third mechanism refers
to motile planktonic bacteria that penetrate the biofilm and increase its biomass [18,
19], while the fourth represents the extension of the biofilm based on the ability of
motile bacteria located at the edge of the biofilm to colonize the surroundings [18].

It has been showed that, in its planktonic form, S. aureus does not appear resistant
to disinfectants, compared to other bacteria, but it may be among the most resistant
ones when attached to a surface [20]. It seems that different stress-adaptive responses
may enhance biofilm formation, with certain differences in terms of their composition
and architecture, especially for the wild-type biofilms colonizing the food and related
processing environments. Examples include protein-based sources responsible for
the structure of biofilms formed by S. aureus of food origin [21] similar to those put
into evidence for the coagulase-negative ones. However, other studies demonstrated
that simple carbohydrates, such as milk lactose, can modulate the biofilm formation
especially by inducing the production of polysaccharide intercellular adhesins [22].

3. Genes involved in the biofilm formation

Over time, beside the conditions that favor the biofilm formation in food
processing plants, the genetic background of biofilm forming microorganisms was
also intensively studied. At each step of biofilm development and dispersal, there is
a specific genetic signal control.

The L. monocytogenes pattern of the microarray gene expression was analyzed
at different time intervals (4, 12, and 24 h) in order to depict genes’ expression at
different stages of biofilm formation. The results showed that more than 150 genes
were upregulated after 4 h of biofilm formation and a total of 836 genes highlighted
a slow increase in expression with time [23]. Although for many bacterial species
the genome sequencing allowed the identification of genes that were involved in
biofilm synthesis, for L. monocytogenes, these genes could not be identified using
just the bioinformatics analysis.

In the biofilm formation, the attachment step is a prerequisite in which flagella
and type I pili-mediated motilities are critical for the initial interaction between the
cells and surface.

In order to find out the roles of the genes and regulatory pathway controlling the
biofilm formation, researchers applied one or two genome-wide approaches, like
transposon insertion mutagenesis or/and transcriptome analyses. With a transposon
mutagenesis library, it was possible to identify 70 L. monocytogenes mutants, with
Himarl mariner transposon insertion, which produced less biofilms [24]. From a
total of 38 genetic loci identified, 4 of them (Table 1) were found to be involved in
bacterial motility (fliD, fliQ, flaA, and motA), a required property for initial surface
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attachment. Another gene with increased expression at 4 h and decreased expression
after 12 h from biofilm initiation was prfA, the listeriolysin positive regulatory factor
A. It seems that this regulatory factor is necessary just in the initial stages of biofilm
formation and aggregation but not in the colonization stage [23, 25, 26].

Extracellular and surface proteins such as internalin A and BapL, respectively,
have been found to be involved in the initial bacterial adhesion in L. monocytogenes
EGD-e [27]. Moreover, its mobility is ensured by flagella and is temperature-
dependent affecting the biofilm formation. As such, above 30°C, the transcription
of flaA is stopped.

S. aureus genes responsible for cell adhesion to the surface are included in the
icaADBC operon with functions in biosynthesis of the glucosamine polymer and
polysaccharide intercellular adhesins [28]. Therefore, other genes encoding a num-
ber of transporter proteins (proP, opuD, aapA, and ditA) were upregulated after
8 hours from the biofilm initiation [29]. For E. coli, the genes involved in the cell
adhesion, like fimA, yadK, yadN, yadM, and yadC-encoding fimbriae-like proteins-
are coexpressed with the integral cell membrane genes, with outer membrane
proteins (htrE), with transcriptional regulators (mngR and nhaR), or other genes,
but this network appears to be strain specific [30, 31].

In the case of S. enterica, differential expression analysis revealed that ycfR is
highly conserved as in many Gram-negative bacteria, being upregulated under
chlorine stress and responsible for the virulence and attachment of bacterium to the
glass or polystyrene [32, 33].

Moreover, Salmonella spp.-related biofilms are driven by a transcriptional
regulatory CsgD protein that activates the expression of curli and cellulose. The
transcription of ¢sgBAC operon, which encodes the structural subunits for curli,
indirectly activates the transcription of the second mechanism, adrA, associated
with cellulose production [10]. Important factors in the activation of Salmonella
spp. biofilms are the c-di-GMP that is behaving like a secondary messenger mol-
ecule when the CsgD content is elevated [34].

Microcolonies are formed by cell proliferation, and many genes involved in cell
division, cell wall biogenesis, virulence and motility, stress response, and transcrip-
tional regulation factors are expressed.

Table 1 shows a selection of the genes that are expressed in all the steps of
biofilm formation or are upregulated under influence of different biotic or abiotic
factors. It was reported that the AditABC L. monocytogenes strains are defective
in biofilm formation, validating by transposon mutagenesis, the critical role of
D-alanylation of teichoic acids, for biofilm synthesis [24]. So, the mutants without
D-alanine on the surface of teichoic acids have a higher negative charge and develop
a biofilm-negative phenotype.

The mature biofilm evolves from microcolonies and this development is associ-
ated with EPS production. The biofilm matrix of B. cereus is similar to other Bacillus
sp., but the eps genes, responsible for the EPS synthesis, are not mandatory for B.
cereus compared to B. subtilis [35]. Little is known about the regulatory networks in
B. cereus, but studies have shown that CodY and SpoOA may as well play a crucial
role in biofilm formation [36].

Furthermore, the structural proteins encoded by tap A and bslA from B. subtilis
genome are absent in the matrix of B. cereus because these genes have no paralog
in B. cereus genome. Instead the tasA gene is essential for B. cereus biofilm develop-
ment, being responsible for the matrix fiber synthesis [37].

An important polysaccharide identified in the matrix biofilm of many patho-
genic bacteria is the colanic acid, which plays an important physiological role for
bacteria living in biofilm. This EPS is synthesized by specific enzymes encoded
by wcaL gene (S. enterica) or weaF (E. coli). It has been also shown that 7poS gene,
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the main regulator of the general stress response, may be seen as a key factor in the
development of mature biofilms in E. coli [38].

Consequently, the transition from the planktonic state to the biofilm state is
critical and it is subjected to a strict gene regulation, essential for matrix synthesis,
cell aggregation, and cell signaling.

Nevertheless, bacteria of multiple genetic backgrounds communicate by regu-
lating their relationship of cooperativeness through a mechanism called quorum
sensing (QS) in which the bacterial cells are having social interactions with each
other through small diffusible signal molecules called autoinducers, thus contribut-
ing to the biofilm development [10].

Quorum sensing process described in the 1970s is involved in the control of
various gene expressions through chemical signaling molecules that are synthesized
in response to cell population density [39]. When bacteria start to sense their criti-
cal biomass, they answer by activating or repressing genes from 10% of bacteria
genome [40]. The system has been described for both Gram-negative and Gram-
positive bacteria.

Among QS, other two important regulators are known to control biofilm shape
and structure: cyclic diguanosine-5'-monophosphate (c-di-GMP) and small RNAs.
For example, S. aureus biofilm development is regulated by many environmental
conditions and genetic signals. A significant constituent in biofilm formation is
mediated by the polysaccharide intercellular adhesin composed mainly of poly-
meric N-acetyl-glucosamine (PNAG) and eDNA, encoded by the ica operon [41].
In certain cases, such as S. aureus, biofilm-associated protein (Bap) is involved in
biofilm maturation rather than polysaccharide intercellular adhesion (polysaccha-
ride intercellular adhesins) expression [42].

The c-di-GMP involvement in S. aureus is an important biofilm regulator that
allosterically switches on enzymes of exopolysaccharide biosynthesis [43], while the
function of small RNA genes involved is still not yet studied in detail [44]. Although
it has been noticed to show an increased susceptibility to disinfectants in planktonic
state, however, in biofilm state, it may be among the most resistant ones equally
important for food as well as for the medical sectors.

Gram-positive bacteria such as S. aureus, B. subtilis, and L. monocytogenes are
communicating through inducers encoded by accessory gene regulator (Agr)
system (Table 1). It seems like the Agr complex regulates more than 100 genes in
the S. aureus genome [45], and its deletion from L. monocytogenes genome affects
more than 600 genes [46].

The accessory gene regulator of S. aureus modulates the expression of virulence
factors and toxins in response to autoinducing peptides (AIPs) while luxS synthe-
sizes Al-2, which inhibits exopolysaccharide synthesis through an unknown QS
cascade [47].

For S. enterica and E. coli, the QS system is mediated by two genes, luxS and
luxR, homolog to SdiA in order to reach intercellular signaling [48, 49].

The L. monocytogenes QS signaling triggers the transcriptional activation of one
of the virulence PrfA-regulated genes actA, resulting in the bacterial aggregation
and biofilm formation [10]. Another gene involved in the cell-to-cell interactions
is secA2 gene. Its deletion may inactivate the SecA2 pathway with an increased cell
aggregation and sedimentation [50].

4. Fighting against biofilms with nonconventional methods

Since biofilms act as a barrier that protects the embedded cells against clean-
ing and disinfecting agents [51], the control of biofilm is an issue that is currently
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addressed to find effective solutions that can prevent biofilm formation or eliminate
the already formed one. Biocontrol of biofilms by using bacteriocins, disruptive
enzymes, essential oils, or bacteriophages is gaining importance, as well as using
nanoemulsions and nanoparticles. These new methods are promising strategies
with remarkable results in the fight against biofilms.

4.1 Bacteriocins used to control biofilms

Bacteriocins are antimicrobial peptides ribosomally produced by an extensive
range of bacteria to inhibit or kill competing microorganisms in a micro-ecological
system [52, 53]. The most studied bacteriocin and the only one allowed presently as
food-grade additive is nisin, a lantibiotic with proven effects against many Gram-
positive bacteria including foodborne pathogens [54]. This bacteriocin was shown
to penetrate the biofilm formed by S. aureus and permeate the sessile bacterial cells
by real-time monitoring [55]. Moreover, nisin and its bioengineered derivatives
were able to enhance the capability of conventional antibiotics such as chloram-
phenicol of decreasing S. aureus biofilm viability [56]. Nevertheless, a study assess-
ing the effect of neutral electrolyzed water and nisin and their combination against
listerial biofilm on glass and stainless steel surfaces indicated the potency of this
bacteriocin to improve the efficacy of sanitizers used in food industry [57]. Nisin
was also indicated to be effective against biofilms formed by Gram-negative bacte-
ria such as Salmonella typhimurium when combined with P22 phage and EDTA, a
synergistic combination that reduced 70% of the mature biofilm [58].

Another way to prevent biofilms development is represented by the adsorption
of these bioactive compounds on the surfaces that come into contact with foods
[59]. In this case, Nisaplin adsorbed to three types of food-contact surfaces com-
monly encountered in food processing plants, namely stainless steel, polyethylene
terephthalate (PET), and rubber, reduced the adhesion ability of food-isolated L.
monocytogenes strains [60]. Other studies showing the efficacy of nisin in preventing
surface colonization by L. monocytogenes were conducted by Daeschel et al. [61] and
Bower et al. [62].

A bacteriocin found to markedly inhibit the biofilm formed by S. aureus is
sonorensis, a member of the heterocycloanthracin subfamily produced by Bacillus
sonorensis MT93 [63].

4.2 Disruptive enzymes for fighting against biofilms

Disruptive enzymes, such as proteases, glycosidases, amylases, cellulases, or
DNAses, are considered a green alternative to chemical treatments often used in the
fight against biofilms’ formation in food-related environments [2]. Such enzymes
do not have toxic effects and are used both alone and as part of the industrial
detergents’ composition to improve their cleaning efficacy [64-66].

Proteases are a class of enzymes that catalyzes the cleavage of proteins’ peptide
bonds. Although they are produced by all living organisms, microbial proteolytic
enzymes are preferred over animal or plant origin proteases. The most commonly
used source of bacterial proteases is represented by those produced by the genus
Bacillus since they have remarkable properties such as tolerance to extreme tempera-
tures, large pH domain, organic solvents, detergents, and oxidizing compounds [67].
Given their low substrate specificity, extracellularly produced proteases were shown
to be more effective in degrading organic-based aging biofilms compared to amylases
[68]. Combinations of a buffer that contained surfactants and dispersing and chelat-
ing agents with serine proteases and polysaccharidases were shown to be efficient in
removing the biofilms formed by B. cereus and P. fluorescens, respectively, on stainless
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steel slides by the cleaning-in-place procedure [69]. Purified alkaline proteases from
B. subtilis were reported to degrade biofilms produced by both P. mendocina and E.
coli within 10 minutes [70]. Mold-origin proteases, such as proteinase K, were proved
to be effective agents against biofilms formed by L. monocytogenes when used either
alone or in combination with other biofilms’ inhibitors. In a study, proteinase K was
capable of complete dispersion of L. monocytogenes biofilms grown for 72 h on both
plastic and stainless steel surfaces at concentrations above 25 pg/mL. The same study
also emphasized the synergistic effect between DNases and proteinase K regarding
L. monocytogenes-established biofilm dispersion [71].

Polysaccharide-hydrolyzing enzymes were indicated to remove the biofilms
formed by Staphylococcus spp. and Pseudomonas spp. on steel and polypropylene
substrata. However, these enzymes did not exhibit a significant bactericidal effect,
so they were combined with oxidoreductases for an improved performance [72].
Experimental studies showed that cellulase in conjunction with cetyltrimethylam-
monium bromide had the capacity of removing 100% of the S. enterica mature
biofilm at the phase of irreversible attachment. This finding suggests an alternative
strategy for removing Salmonella biofilms in meat processing facilities [73].

4.3 Using essential oils against biofilms

Plant essential oils (EOs) are rich in phytochemical compounds, which are
secondary metabolites produced by plants as defense mechanism against pathogens
[74]. Regarding microbial inactivation, EOs have been reported to mainly affect the
cellular membrane by permeabilization [75]. This leads to the disruption of vital
cellular processes, including energy production, membrane transport, and meta-
bolic regulatory functions [76].

Studies evaluating the potential of EOs as disinfectants were conducted.
Leonard et al. [77] assessed the bioactivity of Syzygium aromaticum (clove), Mentha
spicata (spearmint), Lippia rehmannii, Cymbopogon citratus (lemongrass) EOs,
and their major components on the listerial biofilm. The assessment revealed that
M. spicata and S. aromaticum EOs inhibited the growth of listerial biofilm, while,
surprisingly, in the presence of their main compounds alone, namely R-(—) carvone
and eugenol, respectively, the biofilm biomass increased. Similar phenomenon
was previously noticed by [78] in the case of a-pinene, 1,8-cineole, (+)-limonene,
linalool, and geranyl acetate, with researchers arguing that bacterial cells in biofilms
have a reduced metabolic activity, which make them more resistant to deleterious
agents. These results suggest that antimicrobial activity of EOs is rather due to
the synergism among the chemical substances that compose them, than due to an
individual component’s activity. On the other hand, a disinfectant solution based on
Cymbopogon citratus and Cymbopogon nardus EOs was reported to completely reduce
the number of L. monocytogenes stainless steel surface-adhered cells residing in a
240 h biofilm after 60 min of interaction [79].

Thyme EO has proven antimicrobial properties [80]. In terms of biofilm inhibi-
tion capacity, this EO was shown to inhibit significantly the biofilm formed by
B. cereus [81] and biofilms formed by other food-related pathogens, including
S. aureus and E. coli [82, 83]. Thymol and carvacrol are principal constituents
of thyme oil [84], and their potential regarding biofilm inhibition is intensively
studied. Surfactant-encapsulated carvacrol was effective against biofilms produced
by E. coli 0157:H7 and L. monocytogenes on stainless steel coupons [85]. This natural
biocide was also shown to control a dual-species biofilm formed by S. aureus and
S. enterica at quasi-steady state [86]. However, scientists emphasized that carvacrol
concentration should be seriously considered when used to combat strong biofilm
producers, such as S. aureus strains isolated from food-contact surfaces, since low
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concentrations may exhibit an inductive effect. In the case of the biofilm formed by
Salmonella typhimurium on stainless steel surfaces, exposure to thymol resulted in
a more pronounced decrease in the biofilm mass compared to exposure to carvacrol
or eugenol [87]. Moreover, these compounds enhanced the susceptibility of this
pathogen to the treatments with antibiotics such as nalidixic acid [88].

Eugenol is a phytochemical compound preponderantly found in aromatic plants
[89]. Interestingly, a study showed that this substance was able to inhibit the intra-
cellular signaling pathway called quorum sensing in the case of biofilms formed by
methicillin-resistant S. aureus strains isolated from food handlers. This mechanism
has an important role in the host colonization, biofilm development, and defense
strategies against harmful agents, allowing bacterial cells to act as social communi-
ties [90]. EOs of bay, clove, pimento berry, and their major constituent, eugenol,
were proved to inhibit significantly the biofilm formed by E. coli 0157:H7. The
antibiofilm activity was assigned to the benzene ring of eugenol. Moreover, eugenol
led to the downregulation of genes associated with the biofilm formation, attach-
ment, and effacement phenotype, such as curli, fimbriae, and toxin genes [91].

4.4 Fighting against biofilms with bacteriophages

Bacteriophages are viruses that infect bacterial cells. They use the genetic
machinery of their host cells to replicate, killing bacteria when reaching a suf-
ficiently high number to produce lysis [92]. They are abundantly encountered
anywhere host bacteria live [93] and, therefore, their potential is presently
harnessed as natural antimicrobial agents to control pathogenic bacteria in food
products and food-related environments [94]. One of the bacteriophages’ applica-
tions that is intensively explored targets biofilm-forming bacteria that are relevant
for food industry, including L. monocytogenes, S. aureus, E. coli, B. cereus, and S.
enterica. However, the success of this approach in fighting biofilms depends on a
series of factors such as composition and structure of biofilms, biofilms’ maturity,
and physiological state of bacterial host residing within biofilms, concentration of
bacterial host, or extracellular matrix [95].

Although it is generally thought that biofilms confer resistance to bacterio-
phages, these bacterial predators developed several mechanisms to destroy bacteria
communities. Once they reach the EPS (extracellular polymeric substances)
producing host, they start to replicate, resulting in an increased number and,
implicitly, in a progressive degradation of the biofilms and prevention of their
regeneration. Bacteriophages can also express or induce the expression from within
host genome of depolymerizing enzymes that degrade EPS. Nevertheless, they can
also infect persister cells, which are dormant variants of regular bacterial cells that
are highly resistant to antibiotics. In this case, the lysis process is triggered once
persister bacteria are reactivated [96].

Scientists [97] reported the ability of a bred phage to reduce L-form biofilms
formed by L. monocytogenes on stainless steel surfaces. This bacteriophage was as
effective as lactic acid (130 ppm) in the eradication of preformed L-form biofilms.
P100 phage treatment was also shown to reduce the number of L. monocytogenes
cells under biofilm conditions on stainless steel coupon surface regardless of
serotype [98]. The potency of three bacteriophages, namely LiMN4L, LiMN4p, and
LiMN17, used as a cocktail or individually at ~9 logl0 PFU/mL was evaluated to
inactivate L. monocytogenes cells residing within 7-day biofilms strongly adhered to
clean or fish broth-coated stainless steel coupons and dislodged biofilm cells [99].
These phages exhibited a higher efficiency in the case of dislodged cells compared
to intact biofilms when applied for short periods of time. Therefore, for high effi-
ciency, short-term phage treatments in fish processing environments may require
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prior processes aiming at disrupting the biofilms [99]. The ability of Salmonella
spp. to develop biofilms was shown to depend on the attachment surface types

that may be encountered in chicken slaughterhouses. With regard to this, surfaces
such as glass and stainless steel favored the formation of Salmonella biofilms, while
polyvinyl chloride surface sustained less the development of them. The antibiofilm
activity of a pool of bacteriophages isolated from hospital and poultry wastewater
was concentrated at 3 h of action for all types of surfaces. Curiously, biofilms
attached to the glass surface were resistant to a 6-h treatment. Bacteriophages were
able to degrade the glass-attached biofilms after 9 h of interaction [100]. A bacte-
riophage BPECO 19 was evaluated as possible inhibitor of a three E. coli 0157:H7
strain biofilm grown on both abiotic (stainless steel, rubber, and minimum biofilm
eradication concentration device) and biotic (lettuce leaves) surfaces. This bacte-
riophage showed great biofilm inhibition activity on all the tested surfaces, being
suggested as effective antibiofilm agent in food industry [101].

4.5 Nanotechnology-based antimicrobials used to control biofilms

Currently, controlling biofilm formation by nanotechnology-based antimicrobi-
als is of industrial interest, nanoemulsions and nanoparticles (NPs) with antibio-
film activity being an alternative to conventional methods.

Recently, some studies made on model system (polystyrene well plates) and
real systems (fresh pineapple, tofu, and lettuce) indicated that nanoemulsions of
EOs have significantly higher antibiofilm activity compared to pure EOs (Table 2).
Antimicrobial efficacy of nanoemulsions is dependent on the droplet size and
electrical properties of nanoemulsions [102, 103], nature of bacteria [75, 104], and
food matrix [105-107].

Nanoparticles (NPs) can be used for both inhibition of biofilm formation and
eradication of already formed ones [108].

In the last period, NPs with natural compounds gained increased interest because
it was demonstrated that the inorganic capsules can protect the natural products
with antimicrobial activity [109]. In this respect, cinnamaldehyde-encapsulated
chitosan nanoparticles, garlic-silver NPs, and “tree of tee” oil NPs were used to
combat biofilm formation by P. aeruginosa on polystyrene well plates and glass pieces
[110-112]. Meanwhile, the biofilm formed by S. aureus on glass slide was inhibited by
applying gold NPs with EO of Nigella sativa [113] and garlic-silver NPs [111].

Nanoemulsion Particle size, Biofilm-forming Mode of action Ref.
nm bacteria
EO of Citrus medica 73 S. aureus Inhibit the ability of [185]
L. var. sarcodactylis bacteria to attach to
surfaces
EO of Cymbopogon 7846 + 0.51 P, aeruginosa (PAO1) Reduce the adhesion of [186]
flexuosus and S. aureus (ATCC pathogenic bacteria to
(Ilemongrass) 29213) surfaces
Trans-CA >100 P, aeruginosa Membrane disruption [187]
<100 (CMCC 10104), S. by destabilization of
typhimurium and lipids
S. aureus
Linalool 109+ 0.1 S. typhimurium Cell membrane [107]
(ATCC 1331) integrity disruption
Table 2.

Antibiofilm activity of essential oil (EO) nanoemulsions.
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Metal-based NPs (silver, gold, and metal oxides) with antimicrobial activity
can be used to create different nanocomposite materials able to prevent bacterial
adhesiveness to food-contact surfaces and equipment. Wu and coworkers [114]
showed that cysteine dithiothreitol and beta-mercaptoethanol were able to reduce
S. aureus biofilm formation on polystyrene polymer. Liang and coworkers [115]
revealed that silver salt of 12-tungstophosphoric acid NPs (AgWPA-NPs) can be
used to develop new materials for preserving foods, since they were able to inhibit
S. aureus biofilm formation by damaging bacterial cells’ membrane. Moreover,
genes related to biofilm formation, such asicaA, sarA, and cidA were shown to
be downregulated as a consequence of AgWPA-NPs’ application. Naskar and
coworkers [116] tested the antibiofilm activity of polyethylene glycol-coupled
Ag-ZnO-rGO (AZGP) nanocomposite on both Gram-positive bacteria (S. aureus
ATCC 25923) and Gram-negative bacteria (P. aeruginosa MTCC 2453). These NPs,
at a concentration of 31.25 pg/mL, reduced the biofilm formed by S. aureus with
~95% and that formed by P. aeruginosa with ~93%. Zinc oxide NPs were used for the
destruction of the biofilm formed on glass slide by S. aureus and P. aeruginosa [117].
Titania nanoparticles can be used to prevent the formation of P, fluorescens biofilm
on the surfaces of TiO,/polystyrene nanocomposite film [118]. It has been shown
that nanostructured TiO, combined with UVA irradiation can be used to destroy
L. monocytogenes biofilm, while silver NPs at a concentration of 15 pg/mL had the
capacity to inhibit S. aureus and E. coli biofilms [119, 120].

The ability of two types of superparamagnetic iron oxide (IONs and IONs coated
with 3-aminopropyltriethoxysilane) to inhibit biofilm formation by B. subtilis was
successfully tested by [121].

5. Food technologies to control the biofilm formation

Some food technologies belonging to alternative technologies seem to be suc-
cessful for preventing the biofilm formation and/or for targeting resistant micro-
organisms and making them more susceptible to molecular interventions in order
to hinder their biofilm formation ability. Among these technologies are included
plasma treatments, ultrasound treatments, light-based technologies, pulsed electric
fields (PEF), and high hydrostatic pressures. With the exception of ultrasound
treatments that can be used to fight against biofilms formed on mechanical parts or
pipes, the others are mostly applied for food matrix decontamination.

5.1 Plasma treatments

Plasma is generated when the added energy ionizes a gas, which is composed
of ions, neutrals, and electrons. Plasma treatment is a surface treatment that has a
low penetration depth and was reported to be effective against biofilms, depending
on the type of surface biofilms are formed on, the distance between plasma and
surface, and the thickness or the microbial load.

Plasma sources for producing nonthermal plasma at atmospheric pressure are
plasma jets, dielectric barrier discharges (DBD), corona discharges, and microwave
discharges. Different other characteristics of the plasma have been reported to
influence the biofilms’ inactivation such as the setup (electrode configuration), the
exposure mode, the operating gas, the frequency, the plasma intensity (voltage),
and the time of exposure [122].

Researches [123] showed that the efficacy of DBD in-package atmospheric cold
plasma (ACP) against S. typhimurium, L. monocytogenes, and E. coli could reach up
to 5 log CFU/g after 300 s of treatment at 80 kV. Other researchers [124] studied the
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effect of ACP on monoculture biofilms (E. coli, S. enterica, L. monocytogenes, and
P, fluorescens) and mixed culture biofilms (L. monocytogenes and P, fluorescens) and
demonstrated that the latest are more difficult to inactivate than the former ones.
L. monocytogenes and P, fluorescens inoculated as mixed cultures on lettuce were
reduced by 2.2 and 4 log CFU/g, respectively, and the biofilms formed at 4°C were
more resistant than the ones formed at 15°C.

Govaert et al. [122] studied the influence of different plasma characteristics
on the inactivation of L. monocytogenes and S. typhimurium biofilms and showed
that inactivation can vary from 1 log to approximately 3.5 log (CFU/cm?), but the
highest reduction was obtained for a DBD electrode with He and no O, in the gas
mixture and an input voltage of 21.88 V. A high efficiency of the inactivation of
bacterial biofilm was achieved by DBD for low-dose discharges (70 mW/cm?) and
short treatment times (<300 s), and the most effective reduction in the number of
S. aureus cells of 2.77 log was reported after 300 s. E. coli biofilm was reduced only
by 66.7% [125].

It was shown that ACP is a promising technique but alone cannot achieve
complete biofilm inactivation and thus it should be complemented by other surface
treatments. Possibility to combine ACP with different biocides such as hydrogen
peroxide, sodium hypochlorite, ethylenediaminetetraacetic acid, chlorhexidine,
octenidine, and polyhexanide applied before or after the plasma treatment was
tested by [126] to reduce biofilms cultivated on titanium discs. Also, Gupta et al.
[127] studied the antimicrobial effect of an ACP, plasma jet combined with
chlorhexidine, for the sterilization of the biofilms formed by P. aeruginosa on
titanium surfaces [128].

5.2 Ultrasound-assisted technologies

Ultrasound (US) is a form of energy generated by sound waves at frequencies
that are too high to be detected by the human hearing (>16 kHz). The US band is
also divided into low frequency (16 kHz—1 MHz) and high frequency (>1 MHz)
bands.

US was used as biofilm removal method; however, many studies demonstrated
that it should be complemented by other inactivation methods [129, 130]. For
example, [130] demonstrated that US removed a significant amount of E. coli and
S. aureus biofilm, up to 4 times higher compared to the swabbing method. Later
on, the same researchers [131] showed that two ultrasonic devices developed failed
to completely remove E. coli and S. aureus biofilms for closed surfaces, but they
succeeded in biofilm inactivation on opened surfaces (10 s at 40 kHz). The use of
chelating agents such as EDTA completely dislodged E. coli biofilm but not signifi-
cantly improved S. aureus biofilm removal. A synergistic effect was achieved when
US was combined with enzymes (proteolytic or glycolytic) that demonstrated a 2-3
times higher efficacy in biofilm removal compared to sonication.

Combination of US with mild heat and slightly acidic electrolyzed water was
used to test the inactivation of B. cereus biofilms on green leaf surfaces. Slightly
acidic electrolyzed water with 80 mg/L treatment for 15 min combined with US of
fixed frequency (40 kHz) and acoustic energy density of 400 W/l at 60°C resulted
in a reduction of ~3.0 and ~3.4 log CFU/cm” of B. cereus reference strains ATCC
10987 and ATCC 14579 [132].

Synergistic effects were registered also for ultrasound (US; 37 kHz, 380 W
for 10-60 min) assisted by peroxyacetic acid (PAA; 50-200 ppm) on reducing
Cronobacter sakazakii biofilms on cucumbers [133].

The efficacy of US (37 kHz, 200 W, for 30 min)-assisted chemical cleaning
methods (10% alcohols, 2.5% benzalkonium chloride, and 2.5% didecyl dimethyl
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ammonium chloride) for the removal of B. cereus biofilm from polyurethane
conveyor belts in bakeries using US was better compared to each individual method
as demonstrated by [134].

5.3 Combined light-based technologies

Ultraviolet (UV) light technology is based on the emission of radiation within
the ultraviolet region (100-400 nm). The antimicrobial behavior of UV light
is based on the formation of DNA photoproducts that inhibit transcription and
replication and can lead to cell death [135]. Since the absorption of the DNA is in
the 200-280 nm range with the maximum at 254 nm, this wavelength of the UV-C
range is called germicidal UV light [136].

Pulsed light (PL) is the next-generation approach to UV delivery. PL isa
technology that can be used to decontaminate surfaces by generating short-time
high-energy light pulses (millions or thousands of a second) of an intense broad
spectrum (200-1100 nm). PL can be used to decontaminate a great variety of foods
as well as to decontaminate contact surfaces, thus improving safety in foods and
extending their shelf life [137]. The antimicrobial effect is based on strand breaks
that lead to the destruction/chemical modification of the DNA and thus prevent the
replication of the bacterial cell [138].

Recently, Rajkovic and coworkers [139] evaluated the efficacy of pulsed UV
light treatments to reduce S. typhimurium, E. coli 0157:H7, L. monocytogenes, and S.
aureus on the surface of dry fermented salami inoculated with 6.3 log CFU/g at 3 J/
cm’ (1 pulse) or 15 J/cm? (5 pulses) for 1 or 30 min. The authors found a signifi-
cant effect of PL treatment time, with the best results after 1 min of applying PL
(2.18-2.42 log CFU/g reduction), while after 30 min, the reduction varied from 1.14
to 1.46 log CFU/g.

A comprehensive review in the literature underlined the various researches
directed mainly at inactivation of pathogens in food or on surfaces and for prevent-
ing biofilm formation [137]. While there are often considerable differences in the
rate of microbial inactivation by PL, a maximum reduction of 3-log was typically
achieved, which is below the reduction performance standard of 5-log required by
HACCP regulation [138].

Regarding the combined methods, synergistic interaction between gallic acid and
UV-A light was able to inactivate E. coli 0157:H7 in spinach biofilm [140]. The UV-A
treatment complemented by the gallic acid presence was found to be effective produc-
ing a 3-log (CFU/mL) reduction in E. coli O157:H7 on the surface of spinach leaves.

However, PL technology limitation related to the inability to effectively treat uneven
food surfaces with crevices, the presence of organic material, and large microbial popu-
lations generating shading effects should also be taken into account. Future innovation
in PL technology will seek to improve fluence efficiency, for example by considering
alternative light sources such as LEDs [141], reflective surfaces included in the treat-
ment chamber, using materials such as titanium dioxide to augment irradiation efficacy
[138], and other combination of treatments assisted by PL, based on hurdle approach.

5.4 Pulsed electric field

Pulsed electric field (PEF) is a food processing technology that applies short,
high-voltage pulses, across a food material placed between two or more electrodes.
The pulses enhance cell permeability by damaging the cell membrane, and if the
transmembrane potential is sufficiently high, it produces electroporation. Further,
if pores are not resealed, it results in cell death. Most of the food applications are
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designed for liquid flow through pipes where in a certain region the liquid passes
in-between the electrodes area that applies the PEFs [142].

Thermosonication (TS) was investigated in combination with PEF to determine
its effects on inactivation and sublethal injury of P, fluorescens and E. coli. While
TS was applied at a low (18.6 mm) and high (279 mm) wave amplitude, PEF was
applied at alow (29 kV cm™) and high electrical field strength (32 kV cm™). TS/
PEF caused a maximum of 66% inactivation, while sublethally injuring approxi-
mately 26% of the E. coli population [143].

PEF demonstrated synergistic potential in combination with additives (EDTA or
triethyl citrate) to inactivate Salmonella serovars in whole liquid eggs [144].

There is a lot of potential demonstrated by PEF and the combination with dif-
ferent other hurdles could contribute to the elimination of persistent clones able to
form biofilms.

5.5 High pressure processing

High pressure processing (HPP) is a cutting-edge technology that represents
an alternative to conventional processing. HPP has the ability to inactivate micro-
organisms and enzymes and has a minimal impact on sensorial and nutritional
properties of food [145, 146].

Combined with other different hurdles, the pressure-assisted processing could
be oriented toward a more targeted inactivation of pathogens and prevention of
biofilm formation.

Recent studies were focused on L. monocytogenes, a pathogen able to form
surface-attached communities that have high tolerance to stress. In order to under-
stand how agr gene regulates virulence and biofilm formation, a recent molecular
study [147] was conducted. L. monocytogenes EGD-e AagrD showed reduced levels
of surface-attached biomass in 0.1 BHI (brain heart infusion) broth.

However, L. monocytogenes mutant deficient in agr peptide sensing showed
no impaired resistance to HPP treatment at 200, 300, and 400 MPa for 1 min
compared to wild-type and L. monocytogenes EGD-e and thus demonstrating that
weakened resistance to cell wall stress is not responsible for the reduced biofilm-
forming ability.

Understanding better the molecular mechanisms of stress-related genes will
allow to better target pathogen inactivation and to select the right hurdle combina-
tion and parameters of unconventional technologies to able to reduce the suscep-
tibility of certain pathogens to form biofilms. These types of studies are just at the
beginning and many more researches are expected to focus on these topics in the
near future.

6. Conclusions

Pathogenic and toxigenic bacteria are able to form biofilms, structures that
protect the cells and allow them to remain postsanitation in the food processing
environment.

Specific genes are expressed in all the steps of biofilm formation or are upregu-
lated under influence of different biotic or abiotic factors. Genes codify for cell
surface structures and appendages (flagella, curli, fimbriae, and pili) that are
facilitating biofilm formation by helping bacteria to move toward surfaces and to
adhere to them, for extracellular polymeric substances that stabilize the biofilms
and protect the cells and for quorum sensing communication.
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Scientists developed novel agents and strategies to control biofilm formation or
removal. Their application to the food industry would contribute to eradication of
undesirable bacteria from food-processing environments and, subsequently, from
food products.
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Abstract

Periodontal disease is one of the most common health problem affecting dogs.
The disease is more prevalent in small breeds and brachycephalic breeds compared
to large breeds, and incidence increases with advancing age. In first stage it affects
only the gingival tissue and causes gingivitis. It later develops into periodontitis
which involves changes in other periodontium tissues. Main etiological agents of
periodontal disease are pathogenic bacteria of dental biofilm, and products of
their metabolism. In human, Porphyromonas gingivalis, Treponema denticola and
Tannerella forsythia play a key role in the etiology of periodontal disease. Also,
there are many other candidates as human periodontal pathogens, including
Aggregatibacter actinomycetemcomitans, Prevotella intermedia, Prevotella nigrescens,
Fusobacterium nucleatum, Parvimonas micva, Eikenella corrodens, Capnocytophaga
gingivalis, Eubacterium nodatum and Campylobacter vectus. Since periodontal
diseases in dogs are similar to human diseases in terms of disease progression
and clinical manifestation, we can assume their common etiology. This chapter is
focused on review about canine dental biofilm and about members of biofilm as
potential causative agent of canine periodontal disease.

Keywords: dental plaque, biofilm, dog, periodontal disease, gingivitis, periodontitis

1. Introduction

Periodontal disease is a significant veterinary health problem of companion dogs
[1]. Periodontal disease refers to a group of inflammatory diseases. In both humans
and dogs the initial stages of periodontal disease are observed clinically as red and
inflamed gingivae, defined as gingivitis. Without treatment to remove, and disrupt
the dental plaque, gingivitis may progress to periodontitis [2]. Periodontitis, the
later, irreversible stage of the disease, is an inflammatory disease of supporting
teeth tissues [3]. The primary etiological factor in the initiation and progression
of periodontal disease is dental plaque [4]. Dental plaque is the community of
microorganisms found on a tooth surface as a biofilm, embedded in a matrix of
polymers of host and bacterial origin [5]. It is believed that enzymes secreted by
dental biofilm bacteria as well as bacterial antigens activate the host inflammatory
response initiating disease [6]. Dental calculus that represents mineralized bacterial
dental biofilm is considered as secondary etiological factor in periodontal disease
[7]. Dental calculus itself is relatively non-pathogenic and, despite its rough surface,
is not the direct cause of inflammatory processes, but mainly has an irritant effect.
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In addition, the presence of dental calculus leads to greater biofilm accumulation

by creating a rough surface [8]. Dental calculus is always covered with a layer of
dental biofilm, so it plays an important role as retention factor in the colonization of
microorganisms [9].

2. Canine dental biofilm

The oral cavity is a host for a variety of microorganisms including bacteria,
viruses, fungi and protozoa that colonize teeth, tongue, oral mucosa, hard palate,
caries lesions, periodontal pocket and similarly. The distribution of microorganisms
in the oral cavity is not random; most species prefer certain places to others due
to the specific local conditions that these sites provide, for example, the anaerobic
environment of the gingival sulcus [10, 11]. However, the oral cavity environment is
also hostile to microbial life, so only a certain groups of microorganisms entering it
are able to colonize it, and survive in this environment. Microorganisms must attach
to the surface and form biofilms to remain in oral cavity [12].

Dog oral cavity hides a rich and diverse bacterial community and exceeds
the estimates of culture-based studies. Of the cultivable oral microbiota, genera
Actinomyces, Streptococcus and Granulicatella are most commonly isolated from
saliva. Genera Porphyromonas, Actinomyces and Neisseria are most commonly isolated
from plaque [13]. Genera Porphyromonas, Fusobacterium, Capnocytophaga, Derxia,
Moraxella, Bergeyella, non-cultivable Lachnospiraceae, Enhydrobacter, non-classified
Peptostreptococcaceae, Xylanibacter, Pavabacteroides, Tannerella, Neisseria, Treponema
and Bacteroides were identified by the pyrosequencing of the 16S rRNA gene [14].

In another oral microbiota study also by pyrosequencing the 16S rRNA gene, the
bacterial genera Actinomyces, Porphyromonas, Fusobacterium, Neissevia, Pasteurella,
Lampropedia, Capnocytophaga, Frigovivgula, Filifactor, Conchiformibius, Eubacterium,
Streptococcus, Corynebacterium and Derxia have been identified with an abundance
>1% [15]. Based on the sequencing of the 16S rRNA gene the presence of other
genera in the oral cavity of dogs such as Abiotrophia, Aerococcus, Campylobacter,
Cardiobacterium, Clostridium, Curtobacterium, Dialister, Dietzia, Dysgonomo-

nas, Eikenella, Entevococcus, Eubactevium, Gemella, Globicatella, Granulicatella,
Haemophilus, Lactobacillus, Leptotrichia, Leucobacter, Micrococcus, Micromonas,
Peptostreptococcus, Prevotella, Propionibacterium, Propionivibrio, Rothia, Selenomo-
nas, Schwartzia, Sporocytophaga, Wolinella, Xanthomonas and Xenophilus was con-
firmed [16]. Many of them are part of the biofilm formed on teeth surface. In dogs,
also in humans, a subgingival biofilm includes colonies of anaerobic, Gram-negative
(Bacteroides spp., Capnocytophaga spp., Fusobacterium spp., Porphyromonas spp.,
Prevotella spp., Tannerella spp. and Treponema spp.) as well as Gram-positive bacte-
ria (Actinomyces spp., Corynebacterium spp., Eubacterium spp., Peptostreptococcus spp.
and Streptococcus spp.) [17].

The formation of dental biofilm in the oral cavity is a multi-stage process [18]. It
can be divided into four main stages: pellicle formation, initial bacterial adhesion,
plaque maturation and finally bacterial dispersion [11]. Initially, a semipermeable
layer called pellicle is formed on the tooth surface, which mediates the interac-
tion between tooth, oral fluids and microorganisms [19]. Primary colonizers form
biofilm autoaggregation (aggregation between the same species) and coaggrega-
tion (aggregation between different species) [20]. In addition, they facilitate the
arrival of additional bacteria by providing multiple diverse adhesive sites. They also
begin to build a matrix that holds the biofilm together. Some species are incapable
of adhering to the surface, but are often able to anchor to a matrix or directly to
earlier colonizers [21]. Representatives of the genera Neisseria, Corynebacterium
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and Stenotrophomonas are involved as primary colonizers in the formation of canine
dental biofilm. The most common species of the genus Neisseria are N. zoodeg-
matis, N. animaloris and N. weaveri. Representatives of the genera Actinomyces,
Porphyromonas, Movaxella, Leucobacter, and the families Peptostreptococcaceae and
Pasteurellaceae probably play the roles of secondary colonizers. Species Actinomyces
canis and Porphyromonas gingivicanis show high levels of biofilm incorporation. The
species which featured most frequently in the role of third community member are
Peptostreptococcaceae spp., Porphyromonas gingivicanis and Leucobacter spp. [22].
Bacteria from dental biofilm can either be protective, and provide an essential
barrier through interactions with the host immune system, or be pathogenic, and
cause diseases, such as periodontitis [15]. Oral microbiota varies greatly in healthy
dogs and in dogs with disease of oral cavity, and also contains a high proportion of
non-cultivable or unexplored species [23]. In healthy dogs, more common species
are Movaxella spp., Bergeyella zoohelcum, Neisseria shayeganii, Pasteurellaceae spp.,
Capnocytophaga spp. and Stenotrophomonas spp. In dogs with periodontitis, species
Peptostreptococcaceae spp., Lachnospiraceae spp. and Clostridiales spp. are signifi-
cantly more prevalent [24].

3. Periodontal disease

Periodontal disease occurs naturally in a wide range of species from rodents to
humans [25]. Periodontal disease is one of the most common diseases of adult dogs,
with up to 80% of animals affected [23]. All canine breeds are at risk of developing
periodontal disease [26]. In general, the disease is more prevalent in small breeds
compared to large breeds, and incidence increases with advancing age. In addition,
brachycephalic breeds and dogs with teeth overcrowding have been reported to be
especially vulnerable to developing the advanced stages of the disease [27]. There
are four stages of periodontal disease, each of which is based on the severity of
clinical lesions as follows: Stage 1—gingivitis, Stage 2—early periodontitis, Stage
3—moderate periodontitis, Stage 4—advanced periodontitis [28].

Gingivitis is completely reversible, and is recognized by the classic signs of hali-
tosis, bleeding, inflammation, redness and swelling of the gingivae. Periodontitis is
irreversible, and attacks the deeper structures that support the teeth, permanently
damaging the surrounding bone and periodontal ligament [23]. The breakdown
of the collagen fibers of the periodontal ligament results in a periodontal pocket
between the gingiva and the tooth. Periodontal pocket deepen due to further
destruction of periodontal ligament fibers and alveolar bone resorption. Advanced
periodontitis is characterized by gingival erythema and edema, gingival bleeding,
gingival recession, tooth mobility, suppuration of periodontal pocket and loss of
teeth [29]. We know two main categories of periodontal disease in which loss of
supporting structures around the tooth occurs: chronic periodontitis and aggressive
periodontitis [30]. Chronic periodontitis is chronic inflammation results in, mostly
irreversible, loss of epithelial tissue, bone and ligament. Aggressive periodontitis is
characterized by rapid rate of disease progression. It can be present in localized or
generalized form; both are early-onset forms of chronic periodontal inflammatory
disease. No disease-specific biomarkers exist that differentiate chronic periodontitis
from aggressive periodontitis. Although current knowledge suggests that both have
similar etiology and histopathology and might indeed be different ends of the same
disease spectrum [31].

Periodontal disease is caused by the accumulation of bacterial dental biofilm on
the teeth and gingivae, toxic products of the metabolism of these microorganisms,
and the host immune response against the infection that triggers the inflammatory
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process [32]. In case of chronic periodontitis usually have abundance of plaque and
calculus, which match with the amount of periodontal destruction. On the other
hand, in case of aggressive periodontitis, there is usually a mismatch between the
amount of local factors and the periodontal destruction [33]. Periodontal disease
affects more frequently and more severely regions of premolars and molars than
regions of maxillary and mandibular incisors. Missing of teeth is observed at a
high and increasing incidence with age. The tooth most commonly lost is the first
premolar, followed by the other premolars and molars, where severe periodontitis
is frequently found [34]. Periodontitis is a serious infection that can have medical
consequences such as anorexia and weight loss, chronic pain, swollen gums, dental
caries, breakage or loss of teeth and breakage of the maxillary or mandibular bone
[35]. Unfortunately, the damage from periodontal disease is not confined to just loss
of teeth. Oral infection, especially periodontitis, may affect the course and patho-
genesis of a number of systemic diseases, such as chronic bronchitis, pulmonary
fibrosis, endocarditis, interstitial nephritis, glomerulonephritis and hepatitis [1].

4. Periodontal pathogens

Although there is sufficient evidence that biofilm accumulation and matura-
tion is essential for initiation and progression of periodontal disease, studies show
that bacterial species colonizing periodontal pocket have different roles in the
pathogenesis of this disease [36]. Microbial density is considered to be critical for
the development of gingivitis, and some types of chronic periodontitis, while the
species of the microorganisms may be of greater importance in the initiation of
aggressive periodontitis [35]. Subgingival microbiota in periodontitis may contain
hundreds of bacterial species, but only a small number is associated with disease
progression, and is considered to be of importance etiologically [37]. The presence
of Mycobacterium tuberculosis is an indication of tuberculosis, and Treponema pal-
lidum a positive diagnosis of syphilis, but there is no single microorganism, which is
attributable to chronic periodontitis [38].
As with any other infection, identification of the microbial pathogens associ-
ated with the etiology of periodontitis is the first step towards the development of
effective therapeutic approaches. The establishment of a microorganism as a true
pathogen should be based on two main levels of evidence: (1) the organism should
be present in higher prevalence and/or levels in disease than in health, and (2)
its suppression or elimination should reduce or stop disease progression [39]. In
human, the presence of three species of Gram-negative anaerobic bacteria within
subgingival biofilm, Porphyromonas gingivalis, Treponema denticola and Tannerella
forsythia, described by Socransky et al. as the “red complex,” show a strong associa-
tion to periodontitis, and some studies have indicated their involvement also in dogs
[40]. There are many others candidates as human periodontal pathogens, including
Aggregatibacter actinomycetemcomitans, Prevotella intermedia, Prevotella nigrescens,
Fusobacterium nucleatum, Parvimonas micva, Eikenella corrodens, Capnocytophaga
gingivalis, Treponema socranskii, Eubacterium nodatum and Campylobacter rectus
[41]. Some of them are also associated with canine periodontal disease. Tannerella
forsythia, Campylobacter rectus and Porphyromonas gulae were detected in almost all
dogs with periodontitis. Prevotella intermedia and Eikenella corrodens were detected
only in few dogs with periodontitis, Treponema denticola, Capnocytophaga ochracea
and Porphyromonas gingivalis were detected in only one specimen. In addition,
Prevotella nigrescens and Aggregatibacter actinomycetemcomitans were not detected

in any of the specimens [42]. Actinomyces canis and Corynebacterium canis are
significantly more prevalent in dogs with periodontitis than in healthy dogs [23, 24].
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Species of the genera Actinomyces and Corynebacterium can play the same role in peri-
odontitis in dogs that P. gingivalis plays in periodontitis in humans. This assumption
is based on the finding that the ratio of these genera that have trypsin-like activity

is increased in areas with periodontitis compared to their ratio in non-periodontal
areas and may partly explain the absence of P, gingivalis [43]. Protist organisms,

such as Entamoeba gingivalis and Trichomonas tenax, are also present in canine dental
biofilm, and correlate with periodontal disease. These findings provide the evidence
for the presence of oral protozoa in canine dental biofilm, and suggest a possible role
for protozoa in the periodontal disease process [44].

4.1 Genus Porphyromonas

The genus Porphyromonas is phylogenetically classified in the family
Porphyromonadaceae, order Bacteroidales, class Bacteroides and phylum Bacteroidetes.
Representatives of this genus are Gram-negative, obligate anaerobic, non-motile
and non-spore-forming rods. Several species of Porphyromonas, including P
endodontalis, P. circumdentaria and P, gingivalis were isolated from the biofilm of
adult dogs, but not from any oral sites of puppies and adolescent dogs [45]. Also,
several new Porphyromonas species (P. gulae, P. macacae, P. cangingivalis, P. cansulci,
P, creviocanis, P. gingivacanis, P. canoris, P. denticanis) associated with periodontal
disease have been described [23]. In humans, the major periodontal pathogen is
P, gingivalis [46]. There are several differences between isolates Porphyromonas
from humans and from dogs. For example, P, gingivalis isolates of canine origin are
catalase positive, but isolates of human origin are catalase negative. These catalase
positive organisms like P. gingivalis may represent the species P. gulae [47].

P, gulae is rarely found in humans and healthy animals, usually is isolated from
animals, including dogs, with active periodontitis [48]. From dogs with periodontal
disease are most frequently isolated three Porphyromonas species: P. gulae, P. salivosa
(current name, P, macacae) and P. denticanis [49]. Of these only, P. gulae exhibits viru-
lence characteristics similar to those of the human periodontal pathogen P. gingivalis
such as lysyl- and arginyl-specific proteolytic activity of the gingipains. This finding
suggested that P, gulae may play a key role in the development of periodontitis in dogs
[50]. In addition, fimbrial protein with the same size and antigenicity similar the
41-kDa fimbrial subunit protein (fimbrillin, FimA) of P, gingivalis was identified in
P gulae [51]. The fimbria is an important cell structure involved in the adherence and
invasion of host’s cells, and stimulates the production of inflammatory cytokines by
macrophages and fibroblasts. This adhesive ability is considered to be a major patho-
genic characteristic of Porphyromonas that causes periodontal tissue destruction [52].

P, cangingivalis is the most prevalent canine oral bacterial species in both plaque
from healthy gingiva and plaque from dogs with early periodontitis. The ability of
P, cangingivalis to predominate in both health and disease environments suggests
that it is both metabolically flexible enough to colonize in health and also able to
compete against other Porphyromonas spp. in a disease environment [24]. P. cangin-
givalis has a complete protoporphyrin IX synthesis pathway potentially allowing it
to synthesize its own heme unlike pathogenic Porphyromonads such as P, gingivalis
that acquire heme predominantly from blood. The ability to synthesize siroheme
and vitamin By, point to enhanced metabolic flexibility for P. cangingivalis, which
may underlie its prevalence in the canine oral cavity [53].

4.2 Genus Tannerella

The genus Tannerella is phylogenetically classified in the family
Porphyromonadaceae, order Bacteroidales, class Bacteroides and phylum Bacteroidetes.
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Representatives of this genus are Gram-negative, anaerobic, non-motile rods.
The primary periodontal pathogen is Tannerella forsythia originally described as
Bacteroides forsythus, and reclassified to Tannerella forsythia based on 16S rRNA
phylogenetic analysis [54]. T forsythia should be regarded as common member
of oral microbiota in dogs [42], but dogs with gingivitis or periodontitis are more
likely to be infected with T forsythia than healthy animals [26]. T forsythia has
several virulence factors, including surface antigen BspA, cell surface proteolytic
enzymes, hemagglutinin, cell envelope lipoproteins, glycosidases and cell surface
(S)-layer, which contribute to pathogenic potential. The surface protein BspA can
bind extracellular matrix components as well as other oral bacteria, and is partly
responsible for alveolar bone resorption [55].

4.3 Genus Campylobacter

The genus Campylobacter is phylogenetically classified in the family
Campylobacteraceae, order Campylobacterales, class Epsilonproteobacteria and phy-
lum Proteobacteria. Species Campylobacter rectus (formerly Wolinella recta), Gram-
negative, microaerophilic and motile bacterium, is regarded as common member
of oral microbiota in dogs. C. rectus, Tannerella forsythia and Porphyromonas gulae
are three major species present in dogs with periodontitis base on study using
molecular biological approaches [42]. Several possible factors of virulence have
been described for C. rectus, such as flagellum, surface layer proteins (S-layer),
RTX-type toxins, GroELlike proteins and lipopolysaccharide [56]. C. rectus may be
an important indicator of periodontal disease. Together with other oral anaerobic
bacteria, C. rectus is associated with the initiation and progression of periodontal
disease [57].

4.4 Genus Treponema

The genus Treponema is phylogenetically classified in the family Spirochaetaceae,
order Spirochaetales, class Spirochaetesa and phylum Spirochaetes. Treponemes are
Gram-negative, obligate anaerobic, motile spirochetes. Treponemes are involved in
the development of chronic domestic animal diseases, including periodontal dis-
eases in dogs [58]. Dogs harbor several different Treponema spp. in their oral cavity,
and they can be common in both healthy and periodontitis affected dogs, indicating
they are part of the normal oral microbiota [40]. Canine dental biofilm include spe-
cies T denticola, T socranskii, T vincentii, T. maltophilum, T. medium and T. pectinovo-
rum [59]. Prevalence T. denticola and T. socranskii is significantly higher in dogs with
periodontitis than in dogs without periodontitis. In addition, Treponema spp. are
not only in the microbial biofilm but also within the gingival tissue [60].

Treponemes, including T. denticola, are found on the surface of dense sub-
gingival bacterial biofilms, particularly at the interface of biofilms and gingival
epithelium. T. denticola has been shown to adhere to fibroblasts and epithelial
cells as well as extracellular components of the matrix present in periodontal
tissues, and produces several harmful factors that can contribute to virulence of
bacteria [61]. The main virulence factors of T. denticola in chronic periodontitis
include motility and chemotaxis, the ability to interact synergistically with other
periodontal pathogens, the ability to produce cytotoxic metabolites, the ability to
form biofilms and a variety of cell surface proteins. Motility and chemotaxis allow
the bacterium to rapidly colonize new sites, penetrate deep periodontal pocket
and penetrate into epithelial layers. Cell surface proteins cause dysregulation of
host defense, thereby helping to protect the subgingival biofilm and causing host
tissue destruction [58].
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4.5 Genus Fusobacterium

The genus Fusobacterium is phylogenetically classified in the family
Fusobacteriaceae, order Fusobacteriales, class Fusobacteriia and phylum Fusobacteria.
Species Fusobacterium nucleatum and Fusobacterium canifelinum were identified in
subgingival plaque from dogs with and without periodontitis [62]. Based on pheno-
typic and genotypic differences, F. nucleatum is divided into five subspecies, namely
F. nucleatum subspp. nucleatum, F. nucleatum subspp. polymorphum, F. nucleatum
subspp. fusiforme, F. nucleatum subspp. vincentii and F. nucleatum subspp. animalis,
whose prevalence varies with disease [63]. At present, the mechanisms of patho-
genicity of F. nucleatum are unclear. Butyrate production is considered a virulence
factor. The association of F. nucleatum with periodontal disease is probably through
its role as a transient colonizer between Gram-positive and Gram-negative species,
mainly in humans. Consequently, F. nucleatum can serve as a bridge between species
that can colonize exposed tooth surfaces (early colonizers), and species that require
interactions with other species (late colonizers). Since late colonizers tend to be spe-
cies associated with periodontal destruction, bridging with F. nucleatum could play
an important role in determining the pathogenicity of a mature oral biofilm com-
munity [64, 65]. Of the large number of periodontal pathogens, F. nucleatum is most
frequently involved in infections outside the oral cavity, including pneumonia,
pyogenic liver abscess, sepsis, infectious endocarditis, brain abscesses and caecal
inflammation [66].

4.6 Genus Parvimonas

The genus Parvimonas is phylogenetically classified in the family
Peptoniphilaceae, order Tissievelliales, class Tissierellia and phylum Firmicutes. The
species Parvimonas micra originally classified as Peptostreptococcus micros was first
reclassified in 1999 to Mircomonas micros, and the second time reclassified in 2006
to Parvimonas micva [67]. P. micra is anaerobic, asaccharolytic Gram-positive coccus
found in dogs with periodontitis but not in the healthy dogs [68]. The virulence
factors produced by P, micra, which may play a role in the pathogenesis of periodon-
titis, are poorly characterized. P. micra may modulate the inflammatory response in
the host and contribute to the destruction of periodontal tissue. In addition, P. micra
is capable of adhering to epithelial cells, also to other periodontal pathogens [69],
and is able to form biofilms in conjunction with Frederiksenia canicola and P. gulae.
P, micra might provide a catalyst for progressive tissue destruction, inflammation
and alveolar bone loss in canine periodontal disease, in keeping with the keystone-

pathogen hypothesis [68].
4.7 Genus Prevotella

The genus Prevotella is phylogenetically classified in the family Prevotellaceae,
order Bacteroidales, class Bacteroidia and phylum Bacteroidetes. Representatives of
this genus are Gram-negative, anaerobic, non-motile rods. The primary periodontal
pathogen is species Prevotella intermedia. Within the P, intermedia strains, heteroge-
neity was found in terms of serology and DNA homology. In 1992, based on complex
DNA-DNA hybridization, it was suggested that P, intermedia be reclassified into two
species, P, intermedia and P, nigrescens [70]. P. intermedia and P. nigrescens, members
of the “orange complex” described by Socransky et al., are among the most common
species in subgingival plaque in humans. P, intermedia may under certain condi-
tions increase the activity of degradation enzymes and promote the progression of
periodontitis [71]. P intermedia is also present in canine dental plaque. In dogs, the
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counts of P, intermedia correlated with the amount of plaque and the degree of gingi-
vitis [72]. Prevotella dentalis is also associated with periodontitis. P. dentalis (formerly
Mitsuokella dentalis) was originally named after Japanese bacteriologist Mitsuok,
who described this organism for the first time [38]. Mitsuoka isolates a large number
of P. dentalis strains from humans, dogs and pigs that seem to be closely related to the
Bacteroides genus [73].

4.8 Oral protozoa

For several decades, research in periodontology is focused on the characteriza-
tion of bacterial communities thought to be involved in canine periodontal diseases.
However, other microorganisms are known to inhabit the oral cavity and could also
influence the process of periodontal disease. There were identified two oral protozoa,
Entamoeba gingivalis and Trichomonas tenax, which can inhabit the canine oral peri-
odontium. Both were statistically associated to animals with periodontal disease [74].

The species Entamoeba gingivalis is phylogenetically classified in the genus
Entamoeba, class Archamoebae and phylum Amoebozoa. The protozoan E. gingivalis
resides in the oral cavity and is frequently observed in the periodontal pockets of
humans and pets. The parasite E. gingivalis is more prevalent and more abundant in
periodontal pockets, suggesting that this ecological niche is either propitious for its
survival, or that the parasite induces changes leading to this environment [75]. E. gin-
givalis is an opportunistic pathogen, which, together with synergistic symbiotic bac-
teria, can cause periodontal diseases in hosts with low immunity [76]. Pathogenicity
of protozoa E. gingivalis in the oral cavity is not completely understood [77].

The species Trichomonas tenax is phylogenetically classified in the genus
Trichomonas, family Trichomonadidae and order Trichomonadida. T. tenax inhabits
the oral cavities of various mammals, including humans, dogs, cats and horses
[78]. T. tenax, an anaerobic motile-flagellated protozoan, is 12-20 pm long and
5-6 um wide organism. It is either ellipsoidal or ovoid in shape and has four anterior
flagella of unequal lengths [79]. T. tenax can ingest bacteria and various particles
by phagocytosis necessary for their development. T. tenax, detected in periodontal
cases, is likely to be related to the onset and evolution of periodontal disease [80].
This parasite has been reported to be involved in a number of cases of pulmonary
trichomoniasis. Besides bronchopulmonary exudates the trichomonads have also
been found in pleural fluid, submaxillary gland and infra-auricular lymph node
[81]. Several mechanisms may explain the deleterious effects of the T. tenax parasite
towards periodontal tissues. Recent studies have emphasized the ability of parasites
to induce changes in some features of microbial communities. T tenax can escape
the host immune response via a complex strategy caused by an imbalance of the oral
cavity microbiocenosis. Pathogenic bacteria involved in periodontal host coloniza-
tion and immune subversion use complement and toll-like receptor (TLR) signaling
pathways. Like bacteria, parasites are recognized by TLR. T. tenax also produce
fibronectin-like proteins, responsible for tissue adhesion. Given this pathogenic
property, host-tissue disruption and lysis may be induced by T. tenax secretion of
peptidases such as cathepsin B-like proteinases for matricial type 1 collagen and
gelatin hydrolyses or haemolysins for erythrolysis [79].

5. The possibility of transferring bacteria from the oral microbiome of
dogs to human

Except for to the impact on animal health, bacteria from the oral cavity of
animals may also have harmful effects on human health in the case of microbial
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transmissibility, for example, through dog bites. Dog bite wounds are polymi-
crobial, with a broad combination of aerobic and anaerobic microorganisms. The
microbiology of infected bite wounds from dogs is similar to that of the organisms
that colonize the dog’s oral cavity. Less frequently, isolates may also come from the
environment and patients’ skin [82]. On average, a dog bite wound contains two
to five different species of bacteria [83]. Pasteurella species are the most frequent
isolates of dog bites (50%), especially Pasteurella canis is the most common isolate
of dog bites [84]. Other common aerobic organisms include . multocida, P. dagma-
tis, Staphylococcus spp. (including MRSA), Streptococcus spp. (including S. pyogenes),
Neisseria spp., Capnocytophaga canimorsus, Corynebacterium spp., Moraxella spp.,
Enterococcus spp. and Bacillus spp. [82, 83]. The most common anaerobic organ-
ism isolated from infected dog bite wounds is Fusobacterium nucleatum [82].
Fusobacterium canifelinum was also isolated from wounds in humans after dog
bites [85]. Other common anaerobes include Prevotella spp., Bacteroides spp.,
Porphyromonas spp., Propionibacterium spp. and Peptostreptococcus spp. [82, 83].
Several Porphyromonas species (P. macacae, P. canoris, P. circumdentaria, P. cangin-
givalis, and P, cansulci) [84] and other periodontal pathogens (Tannerella forsythia,
Prevotella intermedia and Prevotella dentalis) were also isolated from infected dog
bite wounds [82]. In addition, some pathogens such as Leptospira, Rabies virus,
Clostridium tetani or Francisella tulavensis, which can cause systemic infection after
bites by dogs, were isolated from wounds in humans [83].

As transmission of oral bacteria during normal contacts between dogs and
humans is also feasible one might expect correlations between the oral micro-
biota of dogs and humans [17]. Oral-to-oral transfer of Neisseria shayeganii,
Porphyromonas canigingivalis, Tannerella forsythia and Streptococcus minor from dogs
to humans is suspected. The finding of potentially zoonotic and periodontopathic
bacteria in the canine oral microbiome may be a public health concern [15].

6. Conclusion

Review of literature showed that some bacterial species like Tannerella forsythia,
Campylobacter vectus, Treponema denticola, Fusobacterium nucleatum, Parvimonas
micra and Prevotella intermedia are the important pathogens for periodontitis in
both humans and dogs. On the other hand, Porphyromonas gulae is specifically asso-
ciated with canine periodontal disease. In addition, it is assumed, that oral protozoa
such as Entamoeba gingivalis and Trichomonas tenax play role in canine periodontal
disease. In summary, periodontal disease is polymicrobial disease and further
analyses of the associated species of periodontitis and their virulence factors in dogs
are needed.
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Chapter 16

Biofilm, a Cozy Structure

for Legionella pneumophila
Growth and Persistence in the
Environment

Arwa Abu Khweek and Amal O. Amer

Abstract

Legionella pneumophila (L. pneumophila) is the causative agent of Legionnaires’
disease. Transmission to humans is mediated via inhalation of contaminated water
droplets. L. pneumophila is widely distributed in man-made water systems, multiple
species of protozoa, and nematodes. L. preumophila persist within multi-species
biofilms that cover surfaces within water systems. Virulence, spread, and resistance
to biocides are associated with survival of L. pneumophila within multi-organismal
biofilm. Outbreaks of Legionellosis are correlated with the existence of L. pneu-
mophila in biofilms, even after the intensive chemical and physical treatments.
Several factors negatively or positively modulate the persistence of L. pneumophila
within the microbial consortium-containing L. pneumophila. Biofilm-forming
L. pneumophila continue to be a public health and economic burden and directly
influence the medical and industrial sectors. Diagnosis and hospitalization of
patients and prevention protocols cost governments billions of dollars. Dissecting
the biological and environmental factors that promote the persistence and physio-
logical adaptation in biofilms can be fundamental to eliminating and preventing the
transmission of L. prneumophila. Herein, we review different factors that promote
persistence of L. pneumophila within the biofilm consortium, survival strategies
used by the bacteria within biofilm community, gene regulation, and finally chal-
lenges associated with biofilm resistance to biocides and anti-Legionella treatments.

Keywords: legionella pneumophila, biofilm, Legionellosis, protozoa,
Caenorhabditis elegans

1. Introduction

L. pneumophila, the causative agent of Legionellosis, as being pathogenic to
humans was following an outbreak of pneumonia at a convention of the American
Legion in Philadelphia, USA in July 1976 [1]. This pathogen causes a severe form
of pneumonia termed Legionnaires’ disease (LD), and less frequently, Pontiac
fever, a self-limited flu-like illness. Approximately 90% of LD cases are caused
by L. pneumophila. Transmission of L. pneumophila occur primarily through the
spread of contaminated aerosols present in cooling towers, condensers, faucets,
showers, and hot tubs [2, 3]. Although stringent water quality examinations, the
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formation of contaminated aerosols remains to be a major problem associated
with disease spread [4].

Multiple mechanisms of persistence are harbored by L. pneumophila in various
environmental conditions and in humans. Following invasion of amoeba or human
macrophages, L. pneumophila form the Legionella-containing vacuole (LCV), which
acquires vesicles from early and late endosomes, mitochondria and the endoplasmic
reticulum (ER), thus escaping the microbicidal endocytic pathway. Hijacking the
endocytic pathway by LCV is fundamental in initiating and maintaining a niche that
secure L. pneumophila replication [5, 6]. Importantly, a battery of effector proteins
produced by the Dot/Icm type IV secretion system of L. pneumophila. The Dot/Icm
secreted effectors are required for successful intracellular replication of L. pneu-
mophila [7-13]. Like other intracellular bacteria, L. pneumophila switch between a
transmissive (virulent) and replicative (non-virulent) biphasic cycles. This switch
is essential to ensure bacterial replication in nutrient starved or rich environments
and transmit between different niches [14]. Nutrient rich environment is conducive
of the replicative phase, where L. pneumophila express few virulence factors. While
nutrient deprived environment is promotive of the transmissive phase, especially
when the phagosome is unable to support the replication phase of L. preumophila.
Hallmark features of the transmissive phase include, increased motility, expression
of plethora of virulence factors, resistance to stressors and egress from the infected
host [14]. In the environment, L. pneumophila survive as free living (planktonic)
or form bacterial biofilms with other organisms that adhere to surfaces [15-20].
Moreover, L. pneumophila is able to differentiate into inert, cyst-like but extremely
infectious mature intracellular form (MIF) [21, 22]. Resilience of L. preumophila
extracellularly and under harsh environmental settings is attributed to its ability
to exist in viable non-culturable (VBNC) state [23, 24]. Harboring a VBNC mode
hinders the detection of many Legionella species. In nature, colonization and persis-
tence is promoted via biofilm formation [25], and survival within freshwater amoeba
and C. elegans [5, 26].

Herein, we review factors that mediate biofilm persistence, strategies utilized by
the bacteria to become a member of the biofilm consortium and modes of eradicat-
ing L. pneumophila biofilm.

1.1 Constituents of L. pneumophila biofilm

L. pneumophila is found as sessile cells associated with biofilms in freshwater
environments, [19, 27, 28]. Biofilms mediate bacterial attachments to surfaces
and to other pre-attached bacterial communities. Attachment is attained via
forming an extracellular matrix (ECM) that is composed mainly of water,
proteins, exopolysaccharides, lipids, DNA and RNA, and inorganic compounds
[29-32]. Three developmental phases are required for biofilm formation. (I) ini-
tial attachments to a surface, (II) maturation and extracellular matrix formation,
and (IIT) detachments and dispersion of the bacteria. Biofilms eventually develop
into three-dimensional structures containing water channels, which allow bacte-
ria to obtain nutrients, oxygen and get rid of waste products. The behavior of
L. pneumophila has mainly been studied in the context of mono- or mixed
species biofilms, due to the complexity of biofilm formed in natural environ-
ment [17-19, 33, 34]. Interestingly, L. pneumophila exhibit minor representation
among other species in freshwater and environmental biofilms, [27, 28], and
the existence of L. pneumophila may be influenced by other microorganisms in
complex biofilms [35]. Some bacterial species positively or negatively affect the
persistence of L. pneumophila biofilm [19]. Intriguingly, Klebsiella pneumoniae
(K. pneumoniae), Flavobacterium sp., Empedobacter breve, Pseudomonas putida
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and Pseudomonas fluorescens positively associated with the long-term persistence
of L. pneumophila in biofilms [18, 19, 36]. Other species within biofilms seem to
be the provider of capsular polysaccharides, extracellular matrix that support the
adherence [37-39], or the contributor of growth factors that stimulate growth

of L. pneumophila [19]. Pseudomonas aeruginosa (P. aeruginosa), Aeromonas
hydrophila, Burkholderia cepacia, Acidovorax sp., and Sphingomonas sp. [40] are
among species that antagonize the persistence of L. pneumophila within the
biofilm [19]. Inhibition of L. pneumophila biofilm by P. aeruginosa could be a
consequence of the effect of homoserine lactone quorums sensing (QS) molecule
[41], or production of bacteriocin [40]. Interestingly, L. pneumophila can coexist
in biofilm formed by P. aeruginosa and K. pneumoniae indicating that the inhibi-
tion of L. pneumophila biofilm formation by P. aeruginosa can be alleviated by the
permissive K. pneumoniae [19]. The authors suggest that the growth provided by
K. pneumoniae to promote survival of L. pneumophila can at the same time lessen
the inhibitory effect by P. aeruginosa [19]. Therefore, the identity, number and
nature of interactions between bacterial species (commensalism or interference)
can directly affect growth of L. pneumophila within biofilms.

Biofilm formation of L. pneumophila in the laboratory is achieved by growing
the bacteria under stringent conditions in nutrient-rich Buffered Yeast Extract
medium (BYE) [18, 34]. Different temperatures correlated with different amount,
degree of attachment and rate of biofilm formation. Mushroom like structure
containing water channels is the hallmark features of biofilms formed at 25°C. In
contrast, at 37°C L. pneumophila biofilm is thicker and deficient of water chan-
nels observed at 25°C. However, filamentous appearance with mat-like structure
has been observed with L. pneumophila grown at 42°C. Studies in our laboratory
showed that in contrast to the dotA mutant that lacks the type IV secretion, WT
L. pneumophila form biofilm when grown statically at 37°C for 7 days.

Our knowledge is lacking regarding the factors encoded by L. pneumophila that
promote the attachment and persistence within multispecies biofilms created by
other bacteria.

1.2 Formation of biofilms as a survival niche in oligotrophic environment

Biofilm is extremely nutritious environment that harbors a mixture of living,
dead organisms as well as protozoa and bacteria. To be a productive member of the
microbial consortium, L. pneumophila has to compete with other bacteria for nutri-
ents in a multispecies biofilm. Therefore, it is essential for L. prneumophila to strive
in an environment adjacent to bacterial neighbors that best sustains their growth
and survival [42]. Given the fastidious and auxotrophic nature of L. pneumophila,
supplementation of the laboratory media with amino acids and iron is essential for
growth [43, 44]. However, the ability of L. pneumophila to survive in oligotrophic
environments is puzzling and suggests that the bacteria can live on a diet provided
by other members in the biofilm community. To overcome the starvation mode in
oligotrophic environment, L. pneumophila incorporate in two- and multispecies
biofilms. Instead of attaching as a primary colonizer, L. pneumophila use a strate-
gic mode where they dock to a pre-established biofilm, thus mediating bacterial
survival and association in the biofilm community [19, 42].

Obtaining the required carbon, nitrogen, and amino acids for replication of L.
pneumophila seems to be primarily reliant on necrotrophic feeding on the products
of dead bacteria and tissues within the biofilm [35, 36]. Moreover, heterotrophic
bacteria support growth of L. pneumophila on media that does not usually sup-
port growth because it is deficient in L-cysteine and ferric pyrophosphate [45].
Consistent with this, L. pneumophila showed satellite colonies around some aquatic
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bacteria including Flavobacterium breve, Pseudomonas spp., Alcaligenes spp., and
Acinetobacter spp. Further, L. pneumophila are able to obtain nutrients directly

from algae and to grow on the extracellular products produced by cyanobacteria
under laboratory conditions [46]. Further, several algae such as Scenedesmus spp.,
Chlorella spp., and Gloeocystis spp., supported the growth of L. preumophila in basal
salt media [28].

The second mechanism by which L. preumophila obtain nutrient in biofilms is
through amoeba. Amoeba serve as a secure niche that provides the environmental
host for survival and replication of Legionella species in the environment [47, 48],
and protect the bacteria from antibacterial agents [49]. Importantly, pathogenesis of
L. pneumophila is correlated with persistence and adaptation of L. preumophila in
various amoebal hosts, and the nature of protozoal species can directly affect biofilm
colonization with L. prneumophila [50, 51]. Indeed, L. pneumophila can parasitize
more than 20 species of amoebae, three species of ciliated protozoa and one species
of slime mold [52, 53]. Further, multiplication within amoeba mediated increase
production of polysaccharides by L. pneumophila, thus enhancing its capacity to
establish biofilm [54]. Further, debris from dead amoeba has been shown to sup-
port L. pneumophila growth [55], and the biomass of protozoa is directly correlated
with outbreaks of L. pneumophila. Moreover, absence of amoeba did not result to an
increase in the number of biofilm-associated L. pneumophila. Instead, L. pneumophila
can enter the VBNC state to mediate their survival [28]. It has been suggested that
metazoan such as the C. elegans could provide a natural host for L. preumophila
[56, 57]. Moreover, L. pneumophila survive within biofilm containing protozoan and
C. elegans [58]. Therefore, harnessing nutrient from mixed species biofilms as well
as survival in the amoeba and C. elegans enhances the persistence of L. pneumophila.
Therefore, diversity of biofilm-associated organisms would provide a various means
of nutrient acquisition in oligotrophic environment for such a fastidious organism.

1.3 Factors influencing biofilm formation by L. pneumophila
1.3.1 Cyclic-di-GMP

Regulation of bacterial pathogenesis and biofilm formation has been associ-
ated with the bacterial second messenger Cyclic-dimeric diguanylate (c-di-GMP)
[59-62]. Biofilm regulation for several bacteria has been shown to be reliant on
c-di-GMP [63-65]. Two main enzymes have been implicated in regulating the
synthesis of the c-di-GMP. (I) A diguanylate cyclases (DGCs) containing GGDEF
domain mediates the production of ¢c-di-GMP from two GTPs molecules [66]. (II)
A phosphodiesterases (PDEs) proteins containing EAL domain that mediate the
degradation of c-di-GMP [66].

The L. pneumophila genome encodes for 22-24 GGDEF/EAL-containing proteins
that vary between strains, suggesting that c-di-GMP signaling plays a role in the
L. pneumophila life style [67-69]. Furthermore, L. pneumophila replication within
amoeba and macrophages as well as virulence is influenced by the expression of
GGDEF/EAL-containing proteins [68, 69]. Three GGDEF/EAL-containing proteins
positively regulate biofilm formation in L. pneumophila Lens, [67]. L. pneumophila
lacking these proteins showed reduced biofilm formation, however the level of
c-di-GMP was not different when compared to the wild type (WT) bacteria [67].
However, two GGDEF/EAL-containing proteins have been shown to negatively
regulate biofilm formation and deletion of these proteins resulted in overproduction
of biofilm but surprisingly a decrease in the level of the c-di-GMP [67]. Therefore,
GGDEF/EAL-containing proteins utilize different mechanisms to regulate biofilm
by L. pneumophila when compared to other bacteria.
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The Haem Nitric oxide/Oxygen (H-NOX) binding domains family of hemopro-
tein sensors have been demonstrated to play a role in regulating biofilm formation
and the c-di-GMP activity [70]. Intriguingly, L. pneumophila is the only prokaryote
found to encode two H-NOX proteins and show widespread of the H-NOX proteins
in their genomes. Hyper-biofilm formation phenotype is attributed to deletion of
hnox1 without influencing growth of L. pneumophila in nutrient proficient media
(BYE), mouse macrophages or Acanthamoeba castellanii. Importantly, a diguanyl-
ate cyclase is adjacent to hnox1 and when overexpressed, L. pneumophila exhibits a
hyper-biofilm phenotype. Presence of the H-NOX in the NO-bound state inhibited
the diguanylate cyclase activity; suggesting that the diguanylate cyclase activity
is regulated by NO [70]. Exposure to NO did not result in dispersing the adher-
ent bacteria, but instead the biofilm intensity was increased. The reduced level
of ¢-di-GMP has been associated with the excessive biofilm formation and the
c-di-GMP degrading ability could enhance biofilm formation [67]. In the aquatic
environment, exposure to NO occurs when L. preumophila is in close contact to
denitrifying bacteria, or when exposed to NO produced by macrophages or proto-
zoa. Therefore, biofilm formation can be regulated by NO sensing.

1.3.2 Iron

Even though it is essential for L. prneumophila growth and replication [71-73],
the concentration of iron must be stringently regulated, to overcome the toxic
effect associated with production of reactive oxygen species (ROS), when used in
excessive amount [74, 75]. Biofilm formation is inhibited when a fivefold increase
in the concentration of iron pyrophosphate was used [17]. In addition, iron salt
has been shown to disturb biofilm formation by other bacteria such including
P, aeruginosa [76]. Recently, the effect of iron pyrophosphate and several iron
chelators on the persistence of L. pneumophila in mixed biofilm were tested [77].
Chelating ferrous iron dipyridyl, DIP, enhanced the growth of (WT or mutant in
iron uptake), suggesting that DIP positively contributes to the persistence of L.
pneumophila [77]. Interestingly, DIP has no effect on the bacterial population in
biofilm or survival of free-living amoeba in the biofilm and is independent of iron
acquisition systems as mutants in iron uptake were not affected by DIP. These data
suggest that contribution of DIP to the persistence of L. pneumophila in biofilm is
via protecting L. pneumophila from the adverse effects of iron due to a decrease in
ROS production [77].

1.3.3 Genetic control

Even though biofilm formation plays a role in the colonization, survival,
dissemination and likely the pathogenesis of L. pneumophila [78], the genetic
factors and molecular mechanisms involved in this process need to be elucidated.
Genes that belong to the putative twin-arginine translocation pathway, which is
required for transport of folded proteins across the cytoplasmic membrane, have
been shown to be required for biofilm formation. Biofilm formation is reduced in
mutants with insertional inactivation of the tatB and tatC genes [79]. Further, bio-
film formation in static microtiter plates is impaired in a strain lacking the flagellar
sigma factor FliA (¢ *®) [18]. Expression of genes associated with the transmissive
phase of L. pneumophila is controlled by FliA [80, 81]. Biofilm-derived L. pneu-
mophila down-regulate FliA expression compared to planktonic bacteria in mouse
macrophages infection, [82]. Production of flagella is controlled by L. pneumophila
quorum sensing (Lgs) signaling compound LAI-1(3-hydroxypentadecane-4-one)
as well as the stationary phase regulatory network, sensing availability of nutrient
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[83]. However, the flagella are not required for attachment and persistence of
L. pneumophila biofilm formed by K. pneumonia [19]. This is consistent with
our observation showing the down-regulation of the flagella during biofilm
formation in mouse macrophage [82].

Binding to sulfated glycosaminoglycans (CAGs) of the host extracellular matrix
is mediated via the Legionella collagen-like (LcI) adhesin. Even though Lcl is widely
distributed in different L. prneumophila environmental and clinical isolates, it is
lacking in poor biofilm producers; indicating the acquisition of this gene by hori-
zontal gene transfer to L. pneumophila [84]. The GC content of lpg2644 is different
from the rest of L. pneumophila genome [84], indicating the acquisition of this gene
by horizontal gene transfer to L. pneumophila [84]. Further, biofilm formation,
cell-cell adhesion and cell-matrix interactions is reduced in strains with mutation
in lpg2644 [84]. The L. pneumophila lpg2644 gene is differentially regulated dur-
ing growth phases and biofilm formation [41]. Regulation of late stages of biofilm
formation is mediated by P. aeruginosa quorum sensing (30C12-HSL). Therefore,
regulation of biofilm formation promotes dispersion of bacteria and mediates
initiation of another biofilm cycle to another surface [41]. These events are crucial
for the proliferation and transmission of L. preumophila [78].

1.3.4 Quorum sensing

In Gram-negative bacteria, gene expression of several bacterial processes,
including virulence, sporulation, bioluminescence, competence and biofilm
formation is regulated by quorum sensing (QS) [85, 86]. Quorum sensing bacteria
are usually identified in man-made water systems and it is well appreciated that QS
signaling regulate environmental biofilm production [87]. The LAI-1 (3-hydroxy-
pentadecane-4-one) QS autoinducer is the only (Legionella quorum sensing) Lqs
system identified up to date [88-91]. The L. pneumophila LAI-1 is detected by the
Lgs system which is composed of the autoinducer synthase LqsA, the homologous
sensor kinases LgsS and the response regulator LqsR [88-90]. The Lgs system of L.
pneumophila is homologous to the ¢qgsAS QS of Vibrio cholera, which regulates cell-
density, virulence and biofilm formation [85, 92]. Importantly, the L. pneumophila
biofilm formation is inhibited by the P. aeruginosa quorum sensing autoinducer
(3-0x0-C12-HSL), which down-regulate the expression of lgsR [41, 93]. Therefore,
QS could potentially disperse L. pneumophila biofilm during later stages.

1.4 Modulation of gene expression in biofilms

Differential gene expression between planktonic and biofilm forming L. pneu-
mophila was shown through transcriptomic analysis [17]. The gene expression
pattern was compared with the replicative and transmissive phases during growth
of L. pneumophila in A. castellanii [94]. Importantly, gene expression profile of
sessile bacteria is similar to the replicative phase of L. pneumophila. Furthermore,
genes that are involved in repressing the transmissive phase were well expressed in
the sessile bacteria [17], suggesting that biofilm is a secure niche for L. pneumophila
[17]. The pvcAB gene cluster (which is regulated by iron) is among the genes that
were highly expressed in the sessile form [17]. The L. pneumophila pvcA and pvcB
genes are homologous exhibit homology to the P. aeruginosa proteins PvcA and
PvcB and are required for the production of the iron binding protein (siderophore).
The pvcA and pvcB in L. pneumophila encode for a siderophore-like molecule, which
promote iron sequestration at a sub toxic level. The second gene cluster, includ-
ing ahpC2 and ahpD, encodes for alkyl hydroperoxide reductases and play a role
in protection against oxidative stress [95, 96] displayed the highest induction in
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biofilm cells [95]. Iron plays a role in the production of reactive oxygen species and
the metabolism of iron and oxidative stress is related. Induction of both pvcAB and
ahpC2D genes in sessile cells could be utilized to overcome the toxic environment
associated with high iron level concentrations.

Further, examining the expression of the macrophage infectivity potentiator
(mip) to transcriptionally active L. pneumophila infected in cell culture was used
to evaluate the virulence of biofilm-associated L. pneumophila [16]. Expression of
mip is required for growth in protozoa and human macrophages [97]. Further, mip
expression is up-regulated during the transmissive stages of L. pneumophila life
cycle, but downregulated at early stages of infection [98]. At early stages of biofilm
formation, which is similar to the replicative phase, expression of mip was constant.
However, at later stages of biofilm formation, which is similar to the replicative
phase, mip expression was predominately up-regulated [16]. Upregulation of mip
expression could be correlated with the switch to the transmissive phase observed
in the planktonic form and suggests that biofilm could protect the replicative form
of L. pneumophila.

1.5 Biocides treatments of L. pneumophila biofilm and bacterial resistance

L. pneumophila survive in biofilms covering environmental and artificial water
systems such as ventilation and conditioning systems [78]. In addition, biofilm-
containing L. pneumophila can become a transient or permanent habitat for other
relevant microorganisms. Therefore, biofilm-associated organisms can survive for
days, weeks or even months depending on the substratum and the environmental
factors that stimulate biofilm formation [99, 100]. To restrict L. pneumophila
growth, numerous chemical, physical and thermal disinfection methods have been
used against L. pneumophila [101]. However, these treatments generally do not
result in total elimination of the bacterium, and after a lag period, recolonization
occurs as quickly as the treatments are discontinued [35]. Biofilm-associated L.
pneumophila is extremely resistant to disinfectants and biocides [101, 102]. Further,
exposure of biofilm-encased bacteria to biocides could lead to entry into a viable
non-culturable status [103]. Chlorine and its derivatives are the most common
biocides used in disinfection protocols and have been shown to be appropriate in
eliminating planktonic L. pneumophila but not biofilms [104]. Resistance of L.
pneumophila to disinfection is due not only to its capacity to survive within biofilm,
but also the bacteria exhibit the intra-amoebal life-style [105, 106]. Therefore,
amoeba- associated L. pneumophila are more resistant to disinfection possibly due
to differences in membrane chemistry or life cycle stages of this primitive organism
[35, 107]. It has been shown that vesicles containing intracellular L. pneumophila
released by amoeba are resistant to biocide treatments [108]. Importantly, these
vesicles remained viable for few months [109]. Understanding the molecular
mechanisms that governs the intra-amoeba related resistance should pave the way
for development of new strategies to eradicate L. pneumophila.

Other methods have been used to limit L. prneumophila such as applying heat
which has been shown to be effective in reducing the number of bacteria and proto-
zoan trophozoites, but infective against killing cysts [110, 111]. UV radiation is also
effective when the bacteria are in direct contact with the radiation [112]. However,
higher UV intensities are required to inactivate the protozoa [113]. Other methods
have been proposed to control L. preumophila growth such as controlling the carbon
source within anthropogenic water system [114], or addition of phages to control
bacterial or specifically L. pneumophila growth. The phage is capable of degrading
polysaccharides and therefore destabilizing the biofilm [115, 116]. Furthermore,
nanoparticles have been shown to be effective in reduction of L. pneumophila biofilm

267



Bacterial Biofilms

volume and showed some efficacy against Staphylococcus aureus and Staphylococcus
epidermidis biofilms [117-119]. Moreover, several natural compounds (biosurfac-
tants, antimicrobial peptides, protein and essential oil) have been shown to exhibit
anti-Legionella properties [120]. Collectively, it is necessary to control L. preumoph-
ila growth and their natural hosts to optimize eradication of the bacteria.

2. Conclusions

Several chemical and physical parameters can influence the behavior of L.
pneumophila in biofilms, including the surface, the temperature, carbon and metal
concentrations, and the presence of biocides [17, 18, 34, 114, 121-128]. Biological
factors such as being a member of mixed species biofilm or parasitizing free-living
amoeba or nematodes influence biofilm formation by L. pneumophila. Biofilm-
associated L. pneumophila is resistant to biocides and Legionellosis outbreaks
have been attributed to biofilms. Therefore, it is essential to design new remedies
for eradication of L. pneumophila biofilm in different environmental settings.
Treatment studies should be performed when the bacterium is in its natural host
to determine how the bacterium is protected inside the amoeba and if the passages
through the natural hosts modify the resistance. Thus, preventing biofilm forma-
tion appears as one strategy to reduce water system contamination.

Acknowledgements

Studies in Dr. Amer’s laboratory are supported by The Ohio State University
Center for Clinical and Translational Science Longitudinal Pilot Award (CCTS),
R21 AI113477, RO1 AI24121 and R01 HL127651. Studies in Dr. Abu Khweek’s labora-
tory are supported by Birzeit University.
Conflict of interest

The authors of the manuscript declare that the submitted work was carried out
in the absence of any personal, professional or financial relationships that could
potentially be construed as a conflict of interest.

Author contributions

Arwa Abu Khweek wrote the book chapter, and Amal O. Amer edited the
manuscript.

268



Biofilm, a Cozy Structure for Legionella pneumophila Growth and Persistence...
DOI: http://dx.doi.org/10.5772/intechopen.89156

Author details
Arwa Abu Khweek' and Amal O. Amer™
1 Department of Biology and Biochemistry, Birzeit University, West Bank, Palestine

2 Department of Microbial Infection and Immunity, Infectious Disease Institute,
The Ohio State University, Columbus, OH, United States

*Address all correspondence to: amal.amer@osumc.edu

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/

by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

269



Bacterial Biofilms

References

[1] Fraser DW et al. Legionnaires’
disease: Description of an epidemic of
pneumonia. The New England Journal
of Medicine. 1977;297(22):1189-1197

[2] Wagner C et al. Collagen binding
protein Mip enables legionella
pneumophila to transmigrate through
a barrier of NCI-H292 lung epithelial
cells and extracellular matrix. Cellular
Microbiology. 2007;9(2):450-462

[3] Steinert M, Hentschel U, Hacker J.
Legionella pneumophila: an aquatic

microbe goes astray. FEMS Microbiology

Reviews. 2002;26(2):149-162

[4] Fields BS, Benson RF, Besser RE.
Legionella and Legionnaires’ disease:
25 years of investigation.

Clinical Microbiology Reviews.
2002;15(3):506-526

[5] Isberg RR, O’Connor TJ,
Heidtman M. The legionella
pneumophila replication vacuole:
Making a cosy niche inside host
cells. Nature Reviews. Microbiology.
2009;7(1):13-24

[6] de Felipe KS et al. Evidence for
acquisition of legionella type IV
secretion substrates via interdomain

horizontal gene transfer. Journal of
Bacteriology. 2005;187(22):7716-7726

[71 Abu Khweek A et al. The
Sphingosine-1-phosphate Lyase
(LegS2) contributes to the restriction
of legionella pneumophila in

murine macrophages. PLoS One.
2016;11(1):e0146410

[8] Khweek AA et al. A bacterial
protein promotes the recognition of
the legionella pneumophila vacuole
by autophagy. European Journal of
Immunology. 2013;43(5):1333-1344

[9] Losick VP, Isberg RR. NF-kappaB
translocation prevents host cell

270

death after low-dose challenge

by legionella pneumophila. The
Journal of Experimental Medicine.
2006;203(9):2177-2189

[10] de Felipe KS et al. Legionella
eukaryotic-like type IV substrates
interfere with organelle trafficking.
PLoS Pathogens. 2008;4(8):e1000117

[11] Price CT et al. Host proteasomal
degradation generates amino

acids essential for intracellular
bacterial growth. Science.
2011;334(6062):1553-1557

[12] Belyi Y et al. Legionella
pneumophila glucosyltransferase
inhibits host elongation factor
1A. Proceedings of the National
Academy of Sciences of the
United States of America.
2006;103(45):16953-16958

[13] Laguna RK et al. A legionella
pneumophila-translocated substrate
that is required for growth within
macrophages and protection from
host cell death. Proceedings of

the National Academy of Sciences
of the United States of America.
2006;103(49):18745-18750

[14] Newton HJ et al. Molecular
pathogenesis of infections caused
by legionella pneumophila.
Clinical Microbiology Reviews.
2010;23(2):274-298

[15] O’Toole G, Kaplan HB, Kolter R.
Biofilm formation as microbial
development. Annual Review of
Microbiology. 2000;54:49-79

[16] Andreozzi E et al. Role of biofilm
in protection of the replicative form
of legionella pneumophila. Current
Microbiology. 2014;69(6):769-774

[17] Hindre T et al. Transcriptional
profiling of legionella pneumophila



Biofilm, a Cogy Structure for Legionella pneumophila Growth and Persistence...
DOI: http://dx.doi.org/10.5772/intechopen.89156

biofilm cells and the influence of iron [25] Valster RM, Wullings BA, van
on biofilm formation. Microbiology. der Kooij D. Detection of protozoan
2008;154(Pt 1):30-41 hosts for legionella pneumophila

in engineered water systems by
[18] Mampel J et al. Planktonic using a biofilm batch test. Applied
replication is essential for biofilm and Environmental Microbiology.

formation by legionella pneumophila 2010;76(21):7144-7153
in a complex medium under static and

dynamic flow conditions. Applied [26] Horwitz MA. Formation of a

and Environmental Microbiology. novel phagosome by the Legionnaires’

2006;72(4):2885-2895 disease bacterium (legionella
pneumophila) in human monocytes.

[19] Stewart CR, Muthye V, The Journal of Experimental Medicine.

Cianciotto NP. Legionella pneumophila ~ 1983;158(4):1319-1331

persists within biofilms formed by

Klebsiella pneumoniae, Flavobacterium  [27] Declerck P et al. Replication

sp., and Pseudomonas fluorescens under  of legionella pneumophila in

dynamic flow conditions. PLoS One. biofilms of water distribution

2012;7(11):e50560 pipes. Microbiological Research.
2009;164(6):593-603

[20] Atlas RM. Legionella: From

environmental habitats to disease [28] Declerck P. Biofilms: The
pathology, detection and control. environmental playground of legionella
Environmental Microbiology. pneumophila. Environmental
1999;1(4):283-293 Microbiology. 2010;12(3):557-566

[21] Berk SG et al. Packaging of live [29] Shirtliff ME, Mader JT,

legionella pneumophila into pellets Camper AK. Molecular interactions
expelled by Tetrahymena spp. does in biofilms. Chemistry & Biology.

not require bacterial replication and 2002;9(8):859-871

depends on a dot/Icm-mediated

survival mechanism. Applied and [30] Sutherland IW. The biofilm matrix-
Environmental Microbiology. -an immobilized but dynamic microbial
2008;74(7):2187-2199 environment. Trends in Microbiology.

2001;9(5):222-227
[22] Faulkner G, Garduno RA.
Ultrastructural analysis of [31] Costerton JW. Overview of
differentiation in legionella microbial biofilms. Journal of Industrial
pneumophila. Journal of Bacteriology. Microbiology. 1995;15(3):137-140
2002;184(24):7025-7041

[32] Costerton JW et al. Bacterial

[23] Steinert M et al. Resuscitation of biofilms in nature and disease.

viable but nonculturable legionella Annual Review of Microbiology.

pneumophila Philadelphia JR32 by 1987;41:435-464

Acanthamoeba castellanii. Applied

and Environmental Microbiology. [33] Pecastaings S et al. Sessile

1997;63(5):2047-2053 legionella pneumophila is able to grow
on surfaces and generate structured

[24] Garcia MT et al. Acanthamoeba monospecies biofilms. Biofouling.

polyphaga resuscitates viable non- 2010;26(7):809-819

culturable legionella pneumophila

after disinfection. Environmental [34] Piao Z et al. Temperature-regulated

Microbiology. 2007;9(5):1267-1277 formation of mycelial mat-like biofilms

271



Bacterial Biofilms

by legionella pneumophila. Applied
and Environmental Microbiology.
2006;72(2):1613-1622

(35] Taylor M, Ross K, Bentham R.
Legionella, protozoa, and biofilms:
Interactions within complex
microbial systems. Microbial Ecology.

2009;58(3):538-547

[36] Vervaeren H et al. Introduction

of aboost of legionella pneumophila
into a stagnant-water model by heat
treatment. FEMS Microbiology Ecology.
2006;58(3):583-592

[37] Wu MC et al. Isolation of genes
involved in biofilm formation of a
Klebsiella pneumoniae strain causing
pyogenic liver abscess. PLoS One.
2011;6(8):e23500

[38] Basson A, Flemming LA,

Chenia HY. Evaluation of adherence,
hydrophobicity, aggregation, and
biofilm development of Flavobacterium
johnsoniae-like isolates. Microbial
Ecology. 2008;55(1):1-14

[39] Kives ], Orgaz B, Sanjose C.
Polysaccharide differences between
planktonic and biofilm-associated EPS
from Pseudomonas fluorescens B52.
Colloids and Surfaces. B, Biointerfaces.
2006;52(2):123-127

[40] Guerrieri E et al. Effect of bacterial
interference on biofilm development

by legionella pneumophila. Current
Microbiology. 2008;57(6):532-536

[41] Mallegol ] et al. Essential roles
and regulation of the legionella
pneumophila collagen-like adhesin
during biofilm formation. PLoS One.
2012;7(9):e46462

[42] Watnick P, Kolter R. Biofilm, city
of microbes. Journal of Bacteriology.

2000;182(10):2675-2679

[43] George JR et al. Amino
acid requirements of legionella

272

pneumophila. Journal of Clinical
Microbiology. 1980;11(3):286-291

[44] Edelstein PH. Comparative study
of selective media for isolation of
legionella pneumophila from potable

water. Journal of Clinical Microbiology.
1982;16(4):697-699

[45] Wadowsky RM, Yee RB. Satellite
growth of legionella pneumophila
with an environmental isolate of
Flavobacterium breve. Applied

and Environmental Microbiology.
1983;46(6):1447-1449

[46] Tison DL et al. Growth of legionella
pneumophila in association with blue-
green algae (cyanobacteria). Applied
and Environmental Microbiology.
1980;39(2):456-459

[47] Rowbotham TJ. Preliminary report
on the pathogenicity of legionella
pneumophila for freshwater and soil
amoebae. Journal of Clinical Pathology.
1980;33(12):1179-1183

[48] Newsome AL et al. Isolation of
an amoeba naturally harboring a
distinctive legionella species. Applied
and Environmental Microbiology.
1998;64(5):1688-1693

[49] Loret JF, Greub G. Free-living
amoebae: Biological by-passes in water
treatment. International Journal of
Hygiene and Environmental Health.
2010;213(3):167-175

[50] Murga R et al. Role of biofilms

in the survival of legionella
pneumophila in a model potable-water
system. Microbiology. 2001;147 (Pt
11):3121-3126

[51] Rowbotham TJ. Pontiac fever,
amoebae, and legionellae. Lancet.
1981;1(8210):40-41

[52] Hagele S et al. Dictyostelium
discoideum: A new host model system
for intracellular pathogens of the genus



Biofilm, a Cogy Structure for Legionella pneumophila Growth and Persistence...

DOI: http://dx.doi.org/10.5772/intechopen.89156

legionella. Cellular Microbiology.
2000;2(2):165-171

[53] Kikuhara H et al. Intracellular
multiplication of legionella
pneumophila in Tetrahymena
thermophila. Journal of UOEH.
1994;16(4):263-275

[54] Bigot R et al. Intra-amoeba
multiplication induces chemotaxis
and biofilm colonization and
formation for legionella. PLoS One.
2013;8(10):e77875

[55] Temmerman R et al. Necrotrophic
growth of legionella pneumophila.
Applied and Environmental
Microbiology. 2006;72(6):4323-4328

[56] Brassinga AK et al.
Caenorhabditis is a metazoan host
for legionella. Cellular Microbiology.
2010;12(3):343-361

[57] Hellinga JR et al. Identification of
vacuoles containing extraintestinal
differentiated forms of legionella
pneumophila in colonized
Caenorhabditis elegans soil nematodes.
Microbiology. 2015;4(4):660-681

(58] Rasch ] et al. Legionella-protozoa-
nematode interactions in aquatic
biofilms and influence of Mip on
Caenorhabditis elegans colonization.
International Journal of Medical
Microbiology. 2016;306(6):443-451

[59] Tamayo R, Pratt JT, Camilli A. Roles
of cyclic diguanylate in the regulation of
bacterial pathogenesis. Annual Review
of Microbiology. 2007;61:131-148

[60] Romling U, Galperin MY,
Gomelsky M. Cyclic di-GMP: The first
25 years of a universal bacterial second

messenger. Microbiology and Molecular
Biology Reviews. 2013;77(1):1-52

[61] Martinez-Gil M, Ramos C. Role of

cyclic di-GMP in the bacterial virulence
and evasion of the plant immunity.

273

Current Issues in Molecular Biology.
2017;25:199-222

[62] Abu Khweek A, Fetherston JD,
Perry RD. Analysis of HmsH and

its role in plague biofilm formation.
Microbiology. 2010;156 (Pt 5):1424-1438

[63] Conner JG et al. The ins and
outs of cyclic di-GMP signaling in
vibrio cholerae. Current Opinion in
Microbiology. 2017;36:20-29

[64] Valentini M, Filloux A. Biofilms
and cyclic di-GMP (c-di-GMP)
Signaling: Lessons from Pseudomonas
aeruginosa and other bacteria. The

Journal of Biological Chemistry.
2016;291(24):12547-12555

[65] Bobrov AG et al. Systematic analysis
of cyclic di-GMP signalling enzymes
and their role in biofilm formation and
virulence in Yersinia pestis. Molecular
Microbiology. 2011;79(2):533-551

[66] Simm R et al. GGDEF and EAL
domains inversely regulate cyclic
di-GMP levels and transition from

sessility to motility. Molecular
Microbiology. 2004;53(4):1123-1134

[67] Pecastaings S et al. New insights
into legionella pneumophila biofilm
regulation by c-di-GMP signaling.
Biofouling. 2016;32(8):935-948

[68] Levi A et al. Cyclic diguanylate
signaling proteins control intracellular
growth of legionella pneumophila.
MBio. 2011;2(1):e00316-e00310

[69] Allombert J et al. Three antagonistic
cyclic di-GMP-catabolizing enzymes
promote differential dot/Icm effector
delivery and intracellular survival at the
early steps of legionella pneumophila
infection. Infection and Immunity.
2014;82(3):1222-1233

[70] Carlson HK, Vance RE,
Marletta MA. H-NOX regulation of c-di-
GMP metabolism and biofilm formation



Bacterial Biofilms

in legionella pneumophila. Molecular
Microbiology. 2010;77(4):930-942

[71] Radtke AL, O’Riordan MX.
Intracellular innate resistance

to bacterial pathogens. Cellular
Microbiology. 2006;8(11):1720-1729

[72] Reeves MW et al. Metal
requirements of legionella
pneumophila. Journal of Clinical
Microbiology. 1981;13(4):688-695

[73] Schaible UE, Kaufmann SH.
Iron and microbial infection.
Nature Reviews. Microbiology.
2004;2(12):946-953

[74] Andrews SC, Robinson AK,
Rodriguez-Quinones F. Bacterial iron
homeostasis. FEMS Microbiology
Reviews. 2003;27(2-3):215-237

[75] Lemire JA, Harrison JJ,

Turner R]. Antimicrobial activity of
metals: Mechanisms, molecular targets
and applications. Nature Reviews.
Microbiology. 2013;11(6):371-384

[76] Musk DJ, Banko DA,
Hergenrother PJ. Iron salts perturb
biofilm formation and disrupt
existing biofilms of pseudomonas
aeruginosa. Chemistry & Biology.
2005;12(7):789-796

[77] Portier E et al. Iron availability
modulates the persistence of legionella
pneumophila in complex biofilms.
Microbes and Environments.
2016;31(4):387-394

[78] Lau HY, Ashbolt NJ. The role of
biofilms and protozoa in legionella
pathogenesis: Implications for drinking
water. Journal of Applied Microbiology.
2009;107(2):368-378

[79] De Buck E et al. Legionella
pneumophila Philadelphia-1 tatB and
tatC affect intracellular replication and
biofilm formation. Biochemical and

274

Biophysical Research Communications.
2005;331(4):1413-1420

[80] Heuner K et al. Influence of

the alternative sigma(28) factor on
virulence and flagellum expression of
legionella pneumophila. Infection and
Immunity. 2002;70(3):1604-1608

[81] Molofsky AB, Shetron-Rama LM,
Swanson MS. Components of the
legionella pneumophila flagellar
regulon contribute to multiple virulence
traits, including lysosome avoidance
and macrophage death. Infection and
Immunity. 2005;73(9):5720-5734

[82] Abu Khweek A et al. Biofilm-
derived legionella pneumophila
evades the innate immune response in
macrophages. Frontiers in Cellular and
Infection Microbiology. 2013;3:18

[83] Schell U, Simon S, Hilbi H.
Inflammasome recognition and
regulation of the legionella flagellum.
Current Topics in Microbiology and
Immunology. 2016;397:161-181

[84] Duncan C et al. Lcl of legionella
pneumophila is an immunogenic
GAG binding adhesin that promotes
interactions with lung epithelial cells
and plays a crucial role in biofilm
formation. Infection and Immunity.
2011;79(6):2168-2181

[85] Zhu ] et al. Quorum-sensing
regulators control virulence gene
expression in vibrio cholerae.
Proceedings of the National Academy
of Sciences of the United States of
America. 2002;99(5):3129-3134

[86] Ng WL, Bassler BL. Bacterial
quorum-sensing network architectures.
Annual Review of Genetics.
2009;43:197-222

[87] Shrout JD, Nerenberg R. Monitoring
bacterial twitter: Does quorum sensing
determine the behavior of water

and wastewater treatment biofilms?



Biofilm, a Cogy Structure for Legionella pneumophila Growth and Persistence...

DOI: http://dx.doi.org/10.5772/intechopen.89156

Environmental Science & Technology.
2012;46(4):1995-2005

[88] Tiaden A et al. The legionella
pneumophila response regulator

LgsR promotes host cell interactions
as an element of the virulence
regulatory network controlled by
RpoS and LetA. Cellular Microbiology.
2007;9(12):2903-2920

[89] Tiaden A et al. Synergistic
contribution of the legionella
pneumophila Igs genes to pathogen-host
interactions. Journal of Bacteriology.
2008;190(22):7532-7547

[90] Spirig T et al. The legionella
autoinducer synthase LqsA produces
an alpha-hydroxyketone signaling
molecule. The Journal of Biological
Chemistry. 2008;283(26):18113-18123

[91] Tiaden A et al. The autoinducer
synthase LgsA and putative sensor
kinase LgsS regulate phagocyte
interactions, extracellular filaments
and a genomic island of legionella
pneumophila. Environmental
Microbiology. 2010;12(5):1243-1259

[92] Miller MB et al. Parallel quorum
sensing systems converge to regulate
virulence in vibrio cholerae. Cell.

2002;110(3):303-314

[93] Kimura S et al. Pseudomonas
aeruginosa las quorum sensing
autoinducer suppresses growth and
biofilm production in legionella species.
Microbiology. 2009;155(Pt 6):1934-1939

[94] Bruggemann H et al. Virulence
strategies for infecting phagocytes
deduced from the in vivo
transcriptional program of legionella
pneumophila. Cellular Microbiology.
2006;8(8):1228-1240

[95] Rocha ER, Smith CJ. Role of the
alkyl hydroperoxide reductase (ahpCF)
gene in oxidative stress defense of

the obligate anaerobe bacteroides

275

fragilis. Journal of Bacteriology.
1999;181(18):5701-5710

[96] LeBlanc JJ, Davidson R],

Hoffman PS. Compensatory functions
of two alkyl hydroperoxide reductases
in the oxidative defense system of
legionella pneumophila. Journal of
Bacteriology. 2006;188(17):6235-6244

[97] Cianciotto NP, Fields BS. Legionella
pneumophila mip gene potentiates
intracellular infection of protozoa and
human macrophages. Proceedings

of the National Academy of Sciences

of the United States of America.
1992;89(11):5188-5191

[98] Wieland H et al. Intracellular
multiplication of legionella
pneumophila depends on host
cell amino acid transporter
SLC1A5. Molecular Microbiology.
2005;55(5):1528-1537

[99] Blasco MD, Esteve C,
Alcaide E. Multiresistant waterborne
pathogens isolated from water reservoirs

and cooling systems. Journal of Applied
Microbiology. 2008;105(2):469-475

[100] Buse HY et al. Microbial
diversities (16S and 18S rRNA gene
pyrosequencing) and environmental
pathogens within drinking water
biofilms grown on the common
premise plumbing materials
unplasticized polyvinylchloride and
copper. FEMS Microbiology Ecology.
2014;88(2):280-295

[101] Kim BR et al. Literature review--
efficacy of various disinfectants against
legionella in water systems. Water
Research. 2002;36(18):4433-4444

[102] Borella P et al. Water ecology
of legionella and protozoan:
Environmental and public health
perspectives. Biotechnology Annual
Review. 2005;11:355-380

[103] Giao MS et al. Incorporation
of natural uncultivable legionella



Bacterial Biofilms

pneumophila into potable water
biofilms provides a protective niche
against chlorination stress. Biofouling.
2009;25(4):335-341

[104] Cooper IR, Hanlon GW. Resistance
of legionella pneumophila serotype 1
biofilms to chlorine-based disinfection.
The Journal of Hospital Infection.
2010;74(2):152-159

[105] Hilbi H, Hoffmann C,

Harrison CF. Legionella spp. outdoors:
Colonization, communication

and persistence. Environmental
Microbiology Reports. 2011;3(3):
286-296

[106] Steinert M et al. Regrowth

of legionella pneumophila in a
heat-disinfected plumbing system.
Zentralbl Bakteriol. 1998;288(3):
331-342

[107] Dupuy M et al. Efficiency of

water disinfectants against legionella
pneumophila and Acanthamoeba. Water
Research. 2011;45(3):1087-1094

[108] Berk SG et al. Production of
respirable vesicles containing live
legionella pneumophila cells by
two Acanthamoeba spp. Applied
and Environmental Microbiology.
1998;64(1):279-286

[109] Bouyer S et al. Long-term survival
of legionella pneumophila associated
with Acanthamoeba castellanii
vesicles. Environmental Microbiology.
2007;9(5):1341-1344

[110] Storey MV et al. The efficacy of
heat and chlorine treatment against
thermotolerant Acanthamoebae

and legionellae. Scandinavian
Journal of Infectious Diseases.
2004;36(9):656-662

[111] Farhat M et al. Effects of
disinfection on legionella spp.,
eukarya, and biofilms in a hot water
system. Applied and Environmental
Microbiology. 2012;78(19):6850-6858

276

[112] Schwartz T, Hoffmann S, Obst U.
Formation of natural biofilms

during chlorine dioxide and uwv.
disinfection in a public drinking water
distribution system. Journal of Applied
Microbiology. 2003;95(3):591-601

[113] Hijnen WA, Beerendonk EF,
Medema GJ. Inactivation credit of
UV radiation for viruses, bacteria and

protozoan (oo)cysts in water: A review.
Water Research. 2006;40(1):3-22

[114] Pang CM, Liu WT. Biological
filtration limits carbon availability and
affects downstream biofilm formation
and community structure. Applied

and Environmental Microbiology.
2006;72(9):5702-5712

[115] Lammertyn E et al. Evidence for the
presence of legionella bacteriophages in
environmental water samples. Microbial
Ecology. 2008;56(1):191-197

[116] Hughes KA, Sutherland IW,

Jones MV. Biofilm susceptibility to
bacteriophage attack: The role of phage-
borne polysaccharide depolymerase.
Microbiology. 1998;144 (Pt 11):3039-3047

[117] Raftery TD et al. Discrete
nanoparticles induce loss of legionella
pneumophila biofilms from surfaces.
Nanotoxicology. 2014;8(5):477-484

[118] Subbiahdoss G et al. Magnetic
targeting of surface-modified
superparamagnetic iron oxide
nanoparticles yields antibacterial
efficacy against biofilms of gentamicin-
resistant staphylococci. Acta
Biomaterialia. 2012;8(6):2047-2055

[119] Taylor EN et al. Superparamagnetic
iron oxide nanoparticles (SPION) for
the treatment of antibiotic-resistant
biofilms. Small. 2012;8(19):3016-3027

[120] Berjeaud JM et al. Legionella
pneumophila: The paradox of a highly
sensitive opportunistic waterborne
pathogen able to persist in the



Biofilm, a Cogy Structure for Legionella pneumophila Growth and Persistence...
DOI: http://dx.doi.org/10.5772/intechopen.89156

environment. Frontiers in Microbiology.  multiplication of legionella in a model

2016;7:486 warm water system with pipes of
copper, stainless steel and cross-

[121] Wright JB, Ruseska I, linked polyethylene. Water Research.

Costerton JW. Decreased biocide 2005;39(13):2789-2798

susceptibility of adherent legionella
pneumophila. The Journal of Applied
Bacteriology. 1991;71(6):531-538

[122] Bezanson G et al. In situ
colonization of polyvinyl chloride,
brass, and copper by legionella
pneumophila. Canadian Journal of
Microbiology. 1992;38(4):328-330

[123] Turetgen I, Cotuk A. Monitoring
of biofilm-associated legionella
pneumophila on different substrata
in model cooling tower system.
Environmental Monitoring and
Assessment. 2007;125(1-3):271-279

[124] Rogers ] et al. Influence of
plumbing materials on biofilm
formation and growth of legionella
pneumophila in potable water
systems. Applied and Environmental
Microbiology. 1994;60(6):1842-1851

[125] Donlan RM et al. Legionella
pneumophila associated with the
protozoan Hartmannella vermiformis
in a model multi-species biofilm has
reduced susceptibility to disinfectants.
Biofouling. 2005;21(1):1-7

[126] Liu Z et al. Effect of flow regimes
on the presence of legionella within the
biofilm of a model plumbing system.
Journal of Applied Microbiology.
2006;101(2):437-442

[127] Lehtola M]J et al. Survival of
Mycobacterium avium, legionella
pneumophila, Escherichia coli, and
caliciviruses in drinking water-
associated biofilms grown under
high-shear turbulent flow. Applied
and Environmental Microbiology.
2007;73(9):2854-2859

[128] van der Kooij D, Veenendaal HR,
Scheffer WJ. Biofilm formation and

277






Chapter 17

Oral Microbiota from the
Stomatology Perspective

Andrea Staskovd, Radomira Nemcovd, Stanislav Lauko
and Andrej Jenca

Abstract

Besides the properties typical of body cavities, the oral cavity exhibits many dif-
ferentiating features that allow it to occupy position of an autonomous functional
and biological unit, a characteristic ecosystem. An appropriate homeostasis of oral
biocenosis and balanced conditions for microorganisms concerning proportions of
physiological and pathogenic or potentially pathogenic microbiota play an impor-
tant role with regard to the oral cavity health and eventually the overall health of
an individual. The oral cavity is a constantly changing habitat. The current market
offers a number of relevant preparations supporting oral health, and alternative
approaches serving these purposes are also available. Results of the studies that
focused on microbiocenosis of the dental plaque and interactions between indi-
vidual bacterial species indicate a probiotic potential of some oral bacteria and their
prospective use in prevention of oral cavity diseases. This chapter deals with the
state of physiological microbiota found in oral biofilms, with the most important
infections of the oral cavity and the potential use of probiotics as a prospective
alternative approach to prevention and therapy of oral cavity diseases.

Keywords: oral cavity, microbiome, biofilm, focal infection, probiotics

1. Introduction

Microbiological analysis of oral microbiota is still a challenge the science has to
face. Up to this day, we have knowledge of only a portion of microorganisms living in
the oral cavity. Their research is very important from the point of view of prevention,
diagnostic and treatment of oral and general diseases [1]. Dental caries is the most
common chronic disease in the world affecting people regardless of sex, age and eth-
nic origin, although it affects more the individuals with low social-economic status.
Streptococcus mutans was identified as the causative agent of this disease. Presented
were also results indicating participation of acidogenic bacteria in the process of its
development [1]. These bacteria are generally called cariogenic bacteria. However,
no pathogen is the direct and only cause of the development of dental caries or
periodontitis. More profound knowledge of microbial composition of the oral biofilm
of humans on the surface of teeth or in the subgingival space can help to understand
better the complexity of pathogenesis of the development of dental diseases, and
find new ways how to affect positively the oral health through balanced, physi-
ologically beneficial microbiota [2]. The oral cavity is a constantly changing habitat.
Traditional methods intended for the studies of diversity of mirobiocenoses are based

279 IntechOpen



Bacterial Biofilms

on conventional isolation of bacteria by cultivation, their morphology and identifica-
tion by means of their biochemical properties. These methods do not suffice to ensure
concise characterisation and quantification of microbiota, are time demanding,
provide results not earlier than after 48 hours and involve only cultivable bacteria.
High percentage of bacteria is cultivated only with difficulties due to unknown
requirements on their growth [2]. Currently, a number of genetic techniques intended
for quantification, identification and characterisation of bacterial communities

are available. The study of the external influence on oral cavity microbiocenosis is
inevitable due to high incidence and prevalence of dental caries or periodontopathies,
despite the current widespread use of oral hygiene preparations [3]. Today’s market
offers a multitude of such preparations, and also, alternative approaches for the
improvement of oral health are available. Scientific studies presented interesting
knowledge about beneficial bacteria capable of inhibiting the growth of pathogenic
bacteria by their bioactive products. This concerns, for example, the proof of the
suppression of oral pathogens by Streptococcus salivarius K12 probiotic bacteria, or
their bioactive compounds can serve as a basis for the development of new strategies
contributing to prevention and treatment of oral diseases [4].

2. Oral cavity microbiome

Immediately after birth, the sterile mouth cavity of the newborn individual
mediates the contact between the internal and external environments and, at this
time, also its colonisation by microorganisms commences. After several days, the
microbiota characteristic of the oral cavity becomes stabilised [5]. In the process
of colonisation of the mouth cavity of newborns, streptococci are acquired the
first. Over time, the diversity of populating microorganisms grows until the indi-
vidual acquires certain microbiota the stability of which depends on compensation
mechanisms ensuring suitable conditions in the mouth cavity. Mucosa and teeth
in the oral cavity come into constant contact with the exogenous microbiota, and
the health state of dentition is also affected by proportions of individual groups of
microorganisms. Some factors, for example unsuitable diet, can irreversibly affect
the homeostasis of the oral ecosystem and subsequently lead to propagation of
pathological changes in the oral cavity [6].

Although the oral microbiota contains bacteria, fungi, viruses and archaea,
research has focused mostly on oral bacterial populations present in the highest
numbers [7]. Fungi as one of the components of the oral microbiota were identi-
fied by pyrosequencing with focus on RNA, which exhibits high species variability.
Peterson et al. [8] reported that the number of fungal species in the oral microbiota
ranges from 9 to 23.

Molecular microbiology techniques based on 16S rRNA allowed scientists to
describe more than 700 bacterial species present in the oral cavity of humans. More
than 50% of bacterial species were not cultivated and thus their role in the oral
microbial ecology has not been explained. It was assessed that approximately 1000
bacterial species are capable of stable existence in the mouth of humans, while each
man can harbour 50-200 species of this diverse spectrum [9]. Many species are
found temporarily in the saliva or as a part of biofilms formed on teeth or mucosa.
Analysis of biodiversity in the mouth cavity showed that the number of oral phylo-
types is considerably undervalued. Quantification of oral microbiota of humans was
performed by metagenomics of unique phylotypes using pyrosequencing 454 and
sequencing by Ilumina technology. This quantification method confirmed 668 bac-
terial phylotypes in microbiota of one plaque, which is considerably more than the
numbers published in the previous studies. Similar sequencing technique detected
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3621 phylotypes in the saliva and 6888 phylotypes in a subgingival plaque [7]. Oral
cavity bacteria identified by modern sequencing methods are classified in various
strains the majority of which belongs to strains (phyla) Firmicutes, Fusobacteria,
Bacteroidetes, Actinobacteria, Proteobacteria, Spirochaetes and Synergistetes.

In addition to its principal function—intake of food and water—the mouth
cavity fulfils a number of other important functions that include the primary
protective function against microorganisms entering the gastrointestinal tract and
various functions involving discrimination of taste, temperature and pressure [10].
In addition to properties typical of body cavities, the oral cavity possesses many
differentiation features owing to which it acquires a position of separate functional
and biological unit, a characteristic ecosystem [11].

Microbiota of the oral cavity is not uniform and changes according to anatomi-
cal and physiological conditions; it is different at the orifices of salivary glands, on
the surface of teeth, in sulcus gingivalis, on the tongue, at tonsils or at the buccal
mucosa [12]. The growth of oral microorganisms depends on temperature, pH,
oxidation-reduction potential, availability of nutrients and water, morphology of
oral structures, flow of saliva and the presence of antimicrobial compounds. Each
of these factors puts a selection pressure on the oral ecosystem and helps to main-
tain balance between populations of microorganisms (Figure 1).

Figure 1.
Detection of oral biofilm by means of a plaque-finder, the new dental plague is coloured ved, the older one is
coloured blue.

2.1 Oral microbiota in sulcus gingivalis

Sulcus gingivalis is one of the sites where the microorganisms from the external
environment begin to act as first. The total count of cultivable bacteria in sulcus
gingivalis of healthy people is relatively low and amounts to about 103-106 CFU
(colony forming units) per gingival slit. Sulcus gingivalis supplies nutrients to
bacteria, exhibits low redox potential and thus is colonised mostly by obligate
anaerobic rods. The subgingival plaque is also dominated by Actinomyces and strep-
tococci that belong among Gram-positive microorganisms. It has been assumed that
microbiota of sulcus gingivalis is related to the composition of the supragingival
plaque with frequent occurrence of black-pigmented rods of Porphyromonas gingi-
valis, Porphyromonas endodontalis, Prevotella melaninogenica, Prevotella intermedia,
Prevotella loescheii and Prevotella denticola.

The most frequent bacterial populations in the sulcus gingivalis are the follow-
ing: Streptococcus sanguis, Streptococcus mitis, Staphylococcus epidermidis, Micrococcus
spp., Mycoplasma spp., Trichomonas tenax, Entamoeba gingivalis, Streptococcus
intermedius, Veillonella parvula, Streptococcus mobillorum, Streptococcus constellatus,
Peptostreptococcus micros, Lactobacillus casei, Lactobacillus acidophilus, Eubacterium
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lentum, Propionibacterium acnes, Catonella spp., Johnsonella spp., Rothia dentocariosa,
Actinomyces viscosus, Actinomyces odontolyticus, Actinomyces naeslundii, Capnocytophaga
gingivalis, Capnocytophaga ochracea, Prevotella ovalis, Prevotella denticola, Bacteroides
melaninogenicus, Fusobactevium nucleatum, Eikenella corrodens, Wolinella spp.,
Campylobacter sputorum, Selenomonas sputigena, Treponema spp., and Leptotrichia
spp., Granulicatella spp. [13]. Of the more noteworthy representatives, one should
mention parasitic protozoa Entamoeba gingivalis and Trichomonas tenax [14].

2.2 Oral microbiota on the surface of teeth

Dental plaque consists of microorganisms producing a complex matrix com-
posed of extracellular products of microorganisms and salivary components.
Bacteria isolated from supragingival plaques include mostly Gram-positive, fac-
ultatively anaerobic species, particularly streptococci, and members of the genus
Actinomyces. Bacteria of the genera Veillonella, Haemophilus and Bacterioides are
usually isolated from deeper layers.

Formation of the dental plaque can be divided to several stages: formation of
pellicle, initial bacterial adhesion, bacterial colonisation and plaque maturation
and finally its mineralisation and calcification (Figures 2 and 3), i.e., formation of
dental calculus (calculus dentis) [9].

Some bacteria are able to adhere to the tooth surface and by their factors of virulence
and metabolic products are capable of causing dental caries or other bacterial diseases
of additional parts of the oral cavity [15]. After disturbance of the balance between
the original microbiota and the propagated potentially pathogenic microorganisms,
various diseases frequently occur in the oral cavity. Therefore, these microorganisms
may exhibit some pathogenicity, but only under certain conditions, and therefore, we
refer to them as facultative or opportunistic pathogens [16]. From the surface of teeth,
we may isolate Streptococcus sanguis, Streptococcus mutans and bacteria of the genera
Neisseria, Haemophilus, Lactobacillus, Propionibacterium, Actinomyces, Leptotrichia,
Fusobacterium, Veillonella, Bacteroides and Bacterionema, described in Table 1.

Figure 2.
Deposit of supragingival dental calculus on the vestibular area of teeth in the mandible.
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Figure 3.
Deposit of dental calculus on the lingual area of teeth in the mandible.

Anaerobic microorganisms Aerobic microorganisms
Teeth surface Prevotella buccalis Neisseria spp.

Actinomyces viscosus Protozoa

Propionibacterium spp. Streptococcus mutans

Lactobacillus spp. Aggregatibacter Actinomycetemcomitans

Actinomyces israelii Mycoplasma spp.

Actinomyces naeslundii Streptococcus sanguis

Nocardia spp.

Rothia dentocariosa

Peptostreptococcus

Actinomyces israelii

Veillonella spp.

Fusobacterium spp.

Leptotrichia spp.

Prevotella ovalis
Actinomyces odontolyticus

Table 1.
Oral microbiota on the surface of teeth.

2.3 Oral microbiota of the tongue

From the tongue, there was isolated particularly Streptococcus salivarius, while
Streptococcus mutans and Streptococcus sanguis appeared in the oral cavity only after
eruption of teeth [17]. The tongue may become a reservoir of microorganisms
participating in periodontal diseases. Bacteria that occur in the saliva may origi-
nate from various parts of the oral cavity and the microbial composition of saliva
resembles that of the tongue (Tables 2 and 3).

2.4 Oral microbiota of the saliva

Free fluoride ions, found in the saliva in concentrations ranging from 0.01 to
0.05 ppm, are an important factor of remineralisation of enamel [18]. Individual
proportions of calcium, fluorine and phosphates indicate potential remineralisation
effect of the saliva on the dental tissue. Saliva has a positive suppression effect on
the development of dental caries. This effect results from the content of unsatu-
rated ions of phosphates, fluorine and calcium while there is a continuous exchange
of these ions between the tooth crown and the saliva. At neutral pH, a balance is
established between enamel minerals and the saliva. When the action of organic
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acids produced by bacteria disturbs this balance, pH in the oral cavity decreases and
demineralisation of tooth surface occurs. Some components of the saliva neutralise
the acidic environment and reduce the demineralisation rate and thus prevent the
dental caries. This buffering capacity of the saliva is ensured by phosphate, bicar-
bonate and proteinaceous buffers [19].

Glycoprotein mucin acts as a lubricant of the oral cavity surface, produces a
protective barrier against the external environment and, at the same time, facili-
tates chewing, swallowing and speech. It is one of the agglutination factors of the
saliva that causes aggregation of bacteria. It can interact with Streptococcus sanguis,
Streptococcus mitis, Streptococcus govdonii, Aggregatibacter actinomycetemcomitans,
Pseudomonas aeruginosa and Escherichia coli. Saliva also contains other biologically
active compounds, such as hormones, glucose, cholesterol, fatty acids and urea [20].

Microorganisms do not tolerate large variations in the level of pH. The pH in the
oral cavity is close to neutral and ranges between 6.75 and 7.25. Saliva exhibits remin-
eralisation abilities but the remineralisation process requires some time [21]. Increased
frequency of easily metabolizable saccharides at the presence of plaques increases the
risk of development of caries [22]. In this respect, saccharose plays a significant role
as it easily diffuses into the plaque and is highly soluble [21]. Saccharides use micro-
organisms as a source of energy and a building material. Organic acids synthesised by
microorganisms during metabolic processing of saccharides cause a decrease in the
level of pH and a subsequent loss of minerals from the teeth surface [23].

Anaerobic microorganisms Aerobic microorganisms
Tongue Campylobacter (Campylobacter sputorum) Streptococcus mitis
Propionibacterium Streptococcus salivarius
Actinomyces Staphylococcus spp.
Veillonella Enterobacteriaceae
Bacteroides (Bacteroides melaninogenicus) Streptococcus sanguis
Peptococcus Corynebacterium spp.
Prevotella (Prevotella ovalis) Candida and other microscopic fungi
Peptostreptococcus Micrococcus spp.
Staphylococcus spp.

Neisseriaceae

Table 2.
Oral microbiota of the tongue.

Microorganisms

Saliva Streptococcus milleri
Streptococcus salivarius
Actinomyces spp.
Veillonella spp.
Streptococcus sanguis
Streptococcus mitior
Lactobacillus spp.
Streptococcus mutans

Table 3.
Oral microbiota of the saliva.

3. Oral cavity diseases

A variety of diseases involve the oral cavity including dentition problems,
maxillary and mandibular disorders and diseases, gingivitis, diseases of the tongue,
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palate, internal mucosa and lips [24]. In the oral cavity, there are also salivary glands
that fulfil very important functions within the digestive system and these paired
glands may be afflicted with various inflammatory and noninflammatory diseases
that can cause additional complications in the oral cavity [25]. Due to the diversity of
anatomical structures and varied microbiota in the oral cavity, this part of the body
can be affected by a great number of diseases such as tumour and benign diseases,
inflammatory and noninflammatory and inherent or acquired diseases [22]. They
are caused by infectious and noninfectious agents. The infectious agents include
viruses, bacteria and fungi, and other may be caused by hormonal changes, systemic
diseases, hypersensitive responses, immunodeficiency states or tumours [11].

3.1 Focal infection

Focal infection of dentogenic origin is defined as a secondary or total infec-
tion caused by spreading of microorganisms to distant organs, while the primary
infection is located in the tissues of apical and marginal periodontium. Oral focus
is a focus of the chronic inflammatory process of primary infection localised in the
tissues of the oral cavity, which is the source of infection. From the point of view
of focal infection, the most serious etiological agents are Streptococcus viridans,
Streptococcus mitis, Streptococcus milleri and Streptococcus sanguis [26]. As a mat-
ter of fact, this involves a numerous group of diseases or states that include also
periodontitis or periodontitis marginalis. Focal infection is a focus from which the
infection spreads to the entire organism and causes damage to tissues and organs
[27]. In the course of several years, the opinion about the source of focal infection in
the oral cavity gradually changed. In the past, mostly foci in the area of teeth roots,
the so-called dead teeth, were considered the sources of focal infection [28]. Due
to insufficient possibilities of treatment of root canals, many teeth were extracted
[29]. Currently, this very practice is the subject of increasingly serious discussions
within professional circles as a potential massive source of infection of an organism.
Endodontics is a branch of dentistry dealing with diagnosis and treatment of patho-
logical conditions of dental pulp and periapical tissues [30]. Endodontic treatment
means the treatment of the dental pulp, in the majority of cases its complete removal
and perfect filling of root canal using correct techniques and treatment procedures.

The role of root filling is to close hermetically the entry to foramen apicale dentis
and fill up completely the infection-free tooth canal [31]. Such treatment will prolong
functionality and life of inflammation-affected teeth pillars. Imperfect removal of
the infected tooth pulp or transfer of infection to the periapical space and incomplete
filling of the root canal turns such tooth into a source of focal infection.

There are many foci in the oral cavity that can become potential sources of focal
odontogenic infection. Origin of these foci may be attributed to neglected care
of the oral cavity, pathological action of some microorganisms or unfavourable
anatomic conditions in this cavity.

3.2 Sources of focal infection
3.2.1 Dental pulp necrosis and gangrene

Dental pulp necrosis may develop after injury or as a result of degenerative
processes in the dental pulp, and can be affected as a whole or only its part. The
principal cause is a pronounced damage to vascular supply. Colliquative necrosis
results in decomposition of the dental pulp tissue. At coagulation necrosis, the
infected dental pulp produces fluid rich in proteins. Such condition may occur dur-
ing preparation close to the dental pulp [22]. Dental pulp gangrene is a secondarily
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altered necrosis that develops after infection of the necrotic pulp and can be of
two types, dry or wet. Dry gangrene develops after partial infection of the necrotic
pulp and the remnant pulp dries up. Wet gangrene is more frequent—it develops
by the action of multiple microbiota from the carious dentin. Necrotic dental pulp
tissue has a strong offensive smell due to accumulated gases such as skatole and

indole [31].
3.2.2 Teeth with chronic dental pulp inflammation

Chronic-closed dental pulp inflammations, pulpitis chronica clausa in Latin,
occur frequently in teeth with caries that penetrated into the dental pulp. The con-
sequence is a chronic abscess with clinically mutedental pulp. During preparation,
small amount of pus or dark blood is sometimes discharged from the pulp cavity
[22]. Chronic-closed dental pulp inflammations are also frequently clinically mute,
and in such cases, the dental pulp shows fibrocystic or at atrophic changes.

The affected pulp tissue is prone to calcification or denticles. The residual pulp
shows chronic inflammatory infiltration. Such condition may result in partial or
complete obliteration of the root canal [28]. Internal granuloma (pulpitis chronica

granulomatosa interna) is a chronic productive inflammation with typical finding of
considerably hyperaemic granular tissue. A characteristic feature of this process is
fibroblasts that form capillaries and cells of chronic inflammatory cellularization [32].
Injury is the most frequent cause of this type of chronic inflammation, also chronic
traumatization of the tooth may contribute to damage to the dental pulp [33].

3.2.3 Teeth with periapical findings

Inflammations in the periodontium region affect several types of tissues such as
parts of the suspension apparatus of teeth, compacta, spongiosis of alveolar bone
and root surface cementum. Such changes are collectively referred to as periodon-
titis [34]. The causes of periapical inflammation may include infections, chemical
irritation and acute or chronic trauma. The most frequent cause of the development
of periapical focus is necrotic, passively infected tooth pulp in the root canal. This
way altered dental pulp contains compound microbiota with predominance of
Gram-positive streptococci, but also enterococci, lactobacilli, Candida and Neisseria
species and anaerobic bacteria such as Fusobacteria and Bacteroides [35]. Infection
causes softening of the dentin wall of the root canal and the metabolic products
of microorganisms induce inflammatory conditions in the periodontium region
(Figure 4). The most frequent site of the development is the apex of the tooth root,
but the inflammation process is observed also in the areas of lateral ramifications or
sub-pulpal tooth canal. The inflammation is acute or primarily chronic, or chronic
with acute exacerbation.

3.2.4 Periodontal abscesses

Abscess is a collection of pus in a newly formed cavity. Periodontitis may be
associated with development of periodontal abscesses [34]. They are divided into
soft tissue and hard tissue abscesses. They manifest themselves by oedemas and
pain, the more advanced forms also by the presence of yellowish pus. Retraction
of gingiva may result in evacuation of pus. Bone abscess affects bone spongiosa
and is manifested by intense strong pain upon tapping a tooth close to the abscess.
Sometimes even shivers may occur and pus is not evacuated after retraction of
gingiva [36]. Untreated bone abscess may result in sequestration of the affected
bone, but this form is very rare [31].
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Figure 4.
Periapical finding in tooth No. 34, X-vay - opg 2D image.

3.2.5 Periodontal pockets

Periodontal pockets develop by extension of periodontal fissure, most frequently
with approximal localisation. It can be located by one tooth but can affect all teeth
in the maxilla and in the mandible. The periodontal pocket mostly contains subgin-
gival dental plaque, subgingival dental calculus, dead microorganisms, leukocytes,
proliferating nonspecific granular tissue and inflammatory exudate [37]. Periodontal
pockets are classified as true, false, active and nonactive. The false periodontal pockets
develop by enlargement of the marginal gingiva without shift of the dento-gingival
connection, and the alveolar bone remains intact [11]. The true periodontal pockets are
associated with resorption of the alveolar bone. The true periodontal pocket has been
described as a space between the gingiva and tooth, coronary delimited by the edge of
the marginal gingiva and apically delimited by the base of the periodontal pocket [38].
The difference between the true and false periodontal pockets is diagnosed by X-ray
examination [22]. In the active pocket, one may find signs of inflammation, purulent
exudations and postprobe haemorrhage. These active periodontal pockets require
treatment. The nonactive pockets are free of marked findings. It suffices to carry out
regular monitoring of these quiescent forms of periodontal pockets [34].

3.2.6 Gingivitis

Gingivitis is the most frequent microbial inflammation in the human body
induced by microbiota of the dental plaque. It can occur as a constant symptom
of periodontitis. According to its course, gingivitis may be classified as acute or
chronic. Acute gingivitis is painful, the gingiva is red to red-violet and haemorrhage
occurs upon stimulus but also spontaneously. Chronic gingivitis manifests itself by a
red-pink colour, haemorrhage upon probing and stimulus-induced pain. The shape
of the gingiva is altered and large false pockets are frequently observed. The causes
are varied and can be divided to local and general [34].

We recognise several types of acute gingivitis. Gingivae affected by gingivitis
acuta simplex are slightly reddened while those affected by gingivitis catarrhalis
acuta are hyperaemic and swollen. If this process is limited to one or two papillae,
we refer to it as papilitis [37]. Gingivitis vesiculosa is manifested by production
of vesicles with a clear content and reddened surrounding of vesicles. Gingivae
affected by gingivitis pseudomembranosa are red, swollen, associated with produc-
tion of pseudomembranes—this is fibrinous purulent inflammation. The most
frequent form of gingivitis is ulcerous gingivitis that affects younger people [35].
The causes of this disease are many—weakened organism due to infectious disease,
vitamin deficit, stress and drugs. The symptoms include swollen gums and the
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apexes of papillae truncated by necrosis. It is localised mostly in the zone of frontal
teeth and molars [22]. Chronic gingivitis is classified as gingivitis cattarrhalis
chronica, gingivitis gravidarum, gingivitis pubertalis, gingivitis scurbutica, gingivi-
tis at epilepsies and leukaemia and elephantiasis fibromatosis gingivae [34].

3.2.7 Retained radices (radices relictae)

This condition occurs in patients with neglected hygiene. If the crown portion of
the tooth disintegrates due to untreated caries, the roots of teeth are retained in the
gums. Failure to ensure timely treatment of root canal may result in infection of the
root pulp and thus in potential dental focal infection [36].

3.3 Diseases of the lips-cheilitis

Inflammation of lips extending to or beyond the border of lips can occur as acute
or chronic. The factors most frequently involved in cheilitis are external factors. The
currently known forms of cheilitis are actinic, angular, allergic, exfoliative, glandu-
lar and granulomatous [39].

Actinic cheilitis is referred to as solar cheilosis or solar keratosis of the lips that
develops due to excessive exposure to UV radiation. It is localised in the lower lip in
men and in the upper one in women. The risk group are fair-skinned (Caucasian)
types of people. The clinical symptoms include dryness and scaliness of lips,
their greyish colouration, swelling, ulceration, deepened folds and coarse lesions.
Histological examination will confirm hyperkeratosis as a consequence of thicken-
ing of the epithelial cells and epithelial dysplasia. The potential ways of treatment
include cryosurgery, electro-surgery, laser, and 5-fluorouracyl [40, 41].

Angular cheilitis is also referred to as angular cheilosis, commissural cheilitis
or angular stomatitis. It is an inflammation of one or eventually of both angles
of the mouth. The causes include bacterial (Staphylococcus aureus, haemolytic
Streptococcus) or yeast infections (Candida albicans) mechanical damage to lips by
denture prosthesis of fixation apparatus. Also, malnutrition involving deficiency of
group B vitamins should be considered. Granulomatos cheilitis presents as swelling
of the upper and lower lips and, at the same time, as one of the manifestations of
orofacial granulomatosis, which is a separate disease, or as a monosymptomatic
form of the Melkersson-Rosethal syndrome. Three symptoms are characteristic of
this disease—recurrent orofacial swelling, recurrent facial paralysis and fissured
tongue. One can also observe chapped, red-brown lips or buccal nerve paralysis. It
is induced by allergic response to cinnamon or various benzoates and can represent
also early manifestation of Crohn disease, mycobacterial infection or sarcoidosis.
Aetiology of the disease is unknown. It has been assumed that sudden inflammation
or random aggregation of inflammatory cells may be involved. Diagnosis is very
difficult, important are histological results, which may indicate presence of granu-
lomas and the positive findings may imply the Melkersson-Rosethal syndrome. This
finding was obtained also in patients with Crohn disease and affected mouth.

3.4 Diseases of the tongue

The most important diseases of the tongue include atrophy of the tongue fur,
rhomboid glossitis, geographic tongue, fissured tongue, herpetic geometric glos-
sitis, black hairy tongue, oral leucoplakia and macroglossia [37].

Rhomboid glossitis also known as central papillary atrophy presents as typical
loss of tongue papillae along the midline posterior dorsal tongue, caused by oral
candidiasis (Figure 5).
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Figures.
A white coating on the tongue caused by an overgrowth of Candida albicans.

The tongue lesion is shiny, frequently symmetrical, well delineated, depapil-
lated. The risk factors include smoking, inadequate oral hygiene, use of unsuitable
prosthesis and HIV infection. The treatment is based on the use of corticosteroid
inhalators and sprays. It occurs worldwide and affects men, women and children.
Diagnosis is based on clinical examination and laboratory confirmation of Candida
spp. The most effective prevention/treatment, especially in smokers, is giving up
smoking and the use of antimycotics [39].

The term geographic tongue, lingua geographica, is used to describe inflamma-
tion affecting the dorsal surface of the tongue. Its characteristic feature is depapil-
lation of some parts of the tongue resulting in the alternation of depapillated and
normal-structure areas producing a map-like (geographic) pattern.

The depapillated areas are smooth and more intensively red coloured, and
except this colour differences, the condition mostly causes no other symptoms.
However, it may cause burning mouth syndrome after consumption of some foods
[34]. The exact aetiology is unknown but association with smoking, stress and
genetic association with human leukocyte antigens (HLAs), diabetes or psoriasis
has been assumed. Diagnosis is made on the basis of clinical and histological exami-
nation. Differential diagnosis must distinguish this condition from oral lichenic
planus, erythematous candidiasis and leucoplakia. Effective drug therapy is based
on antihistaminics and corticosteroids.

Fissured tongue affects 5-10% of population with higher susceptibility occur-
ring in older individuals. The exact aetiology is unknown but imbalance of the
level of salivary electrolytes and haematological abnormalities were observed. This
condition affects the dorsal side of the tongue. In the central part, a central fis-
sure (groove) is observed with multiple smaller fissures branching off the central
one. Patients with Down, Melkersson-Rosethal and Sjogren syndromes are at risk.
Improvement in oral hygiene, particularly the tongue, may result in the recovery
from this disease [22].

Black hairy tongue is the term used to refer to the hypertrophy of filiform papil-
lae of the tongue that acquire black colour. This disease affects the dorsal part of the
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tongue. There are several causes that induce this disease: keratinization of cells, res-
toration of the epithelial layer without complete exfoliation of the old layer, change
in pH in the oral cavity, use of oxidation agents, smoking, antibiotics, bacterial and
yeast infections and radiotherapy. Complication of this disease involves papillae
that are markedly elongated and thus can cause tickling sensation, which may result
in vomiting. Therapy consists in intensive cleaning of the tongue and administra-
tion of antimycotics [42].

3.5 Diseases of the salivary glands

The diseases afflicting salivary glands include xerostomia, siallorhoea, inflam-
mation of salivary glands—sialadenitis, Sjogren syndrome, calculi in salivary
glands—sialolithiasis, cysts, sialadenosis and tumours of salivary glands [43].

Xerostomia or dry mouth syndrome is associated with reduced production of
saliva, and this condition is also termed hyposalivation. It is caused by carcinomas
or unsuitable therapy. An extensive group of diseases are inflammations of the
salivary glands—sialadenitis. They are classified as acute bacterial sialadenitis,
chronic sialoadenitis, viral sialadenitis, specific sialadenitis and autoimmmune
sialadenitis—the Sjégren syndrome [34].

Acute bacterial sialadenitis is most frequently caused by pathogenic bacteria
Streptococcus aureus, Streptococcus viridans and Streptococcus pneumoniae. The princi-
pal pathways of spreading of this infection are haematogenic and lymphogenic. The
risk factors that support the development of infection include decreased production
of saliva, cachexia sialolihtiasis and malignancies. Clinical manifestations include
purulent and abscess forms.

3.6 Dental caries and periodontitis

Dental caries is the most frequent dental and oral disease. It occurs worldwide
[31]. Root caries is caused by Streptococcus mutans, Lactobacillus acidophilus,
Actinomyces sp. and Nocardia sp. Bacteria first pass through the enamel, then
through dentin, and finally, they reach the cementum layer. During clinical exami-
nation of dentition, black or dark yellow lesions are observed on teeth [44]. The
most important mineral in teeth is hydroxyapatite. Remineralisation of teeth is
ensured by prolin and minerals contained in the saliva [45]. Residues of food in the
oral cavity, sweet beverages, beverages with high concentration of acids and citrus
fruit are sources of bacterial nutrition.

The ability of bacteria Streptococcus mutans to form biofilms is important from
the clinical point of view, particularly in relation to the development of dental
caries. Dental caries has a multispecies aetiology. Mutant streptococci are referred
to as a cluster of acidogenic streptococci species inhabiting dental plaques.
Streptococcus mutans and Streptococcus sobrinus are the bacteria most frequently
isolated from dental carious lesions. There were published individual case reports
involving infectious endocarditis with participation of these bacteria [46]. The
development of dental caries starts with dissolution of the mineral portion of
tooth manifested by lesions and white sports on teeth, followed by local destruc-
tion of the enamel and dentin. If this process is left alone without treatment,
inflammation of the dental pulp and periapical tissues follows. Many strategies
focused on reduction of the occurrence of dental caries and their specific effect
consisting in reduction of counts or acidogenic activity of Streptococcus mutans in
the dental plaque [47].

In 2011, information about new bacterial species Scardovia wiggsiae appeared in
professional microbiological and stomatological literature. The authors reported
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that in addition to Streptococcus mutans, this bacterium participates in the develop-
ment of dental plaques and acute early age dental caries affecting dentition of chil-
dren [44]. The relevant investigations were carried out by a team of scientists from
Forsyth Institute, Cambridge, headed by A. C. R. Tanner, and involved bacterial
population in samples of dental plaques and from the depth of cavities in primary
dentition of 2-6-year-old children. The results were compared with the findings in
the plaques of children without dental caries or white spots indicating demineralisa-
tion of enamel [48]. Because dental caries develops with participation of acidotoler-
ant bacteria, the laboratory cultivation was carried out in anaerobic environment
on blood agar of pH 5.0. In this way, the authors selected species that may play an
important role in cariogenesis. Partial 16S rRNA sequences obtained from 5608
isolates were characterised on the basis of species. Subsequently, the findings of
individual bacterial species from children with and without caries were compared.
The species most frequently isolated from children with acute dental caries were
Streptococcus mutans, Scardovia wiggsiae, Veilonella parvula, Streptococcus cristatus
and Actinomyces gevensceriae. According to Human Oral Microbiome Database,

the authors identified 198 taxons and 45 of them were until then characterised as
noncultivable. The results showed that both Streptococcus mutans and the new bacte-
ria Scardovia wiggsiae were isolated from 80% of the children with dental caries, but
these bacteria were absent in 80% of children free from dental caries. The micro-
organism most frequently present in progressing dental caries was Streptococcus
mutans and the newly discovered species Scardovia wiggsiae co-participated in the
development of dental caries but was cultivated also independently from the cases
of progressing dental caries. Many saccharolytic bacteria participate in reduction

of pH, but their growth is selectively restricted at low pH at which the cariogenic
acidotolerant species that include also the newly discovered Scardovia wiggsiae are
able to multiply.

Periodontitis is a serious infection of gingiva that damages soft tissues and
degrades the osseous tissue, can cause looseness of teeth or result in their loss
(Figure 6). It affects approximately 10% of the world population. It is a subject to
internal and external factors and the influence of bacteria, particularly the Gram-
positive ones, referred to sometimes as the “red complex”, namely Treponema
denticola, Porphiromonas gingivalis and Tanerella forsythia [39].

Figure 6.
Periodontitis afflicted lower front teeth in the mandible.
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4. Oral probiotics and their influence on oral cavity diseases
4.1 Importance of probiotics to the oral cavity health

The authorship of the concept of probiotics has been attributed to the Russian
scientist and Nobel prize winner Elie Metchnikoff, who at the turn of the nineteenth
and twentieth centuries theorised that Bulgarian pheasants own their long life to
the consumption of fermented milk products. Since then, the scientists confirmed
that the use of probiotic strains, particularly those of the genera Lactobacillus and
Bifidobacterium, can support gastrointestinal, genitourinary and oral health by
maintaining the microbial balance of these ecosystems [49]. According to the up-
to-date definition, probiotics are live microorganisms, which when administered in
adequate amounts confer a health benefit on the host [50].

In the past decade, the awareness of probiotics and their contribution to human
and animal populations increased and a wide range of probiotic products appeared
on the market. Research activities focused on the search for new probiotics help to
understand the process of development of probiotic products and their potential
role in prevention or treatment of diseases [51]. Composition of microbiota of
today’s man differs from that in the past. Modern people are exposed to a number
of negative influences that affect their microbiological balance. As long as the
harmony and balance is maintained, we speak about symbiosis. The imbalance of
microbiota is referred to as dysbiosis, which involves changes in proportions and
heterogeneity of commensal species resulting in disturbed functioning of protec-
tive barriers and subsequent development of diseases [52]. The adverse influences
that cause dysbiosis include particularly the use of antibiotics and chemothera-
peutics, stress situations resulting from the lifestyle of the modern man, unsuit-
able eating habits or drinking regimen and changes in composition of food or the
environment. Searching for amendment of the developed dysbiosis became the
prime stimulus of the study of probiotics.

The increasing bacterial resistance to antibiotics and the demands of the wide
public on natural therapy resulted in decreased use of conventional antimicrobials
and raised the need for development of new ways of treatment [53]. A separate
issue is the probiotics intended for oral cavity. People associate the term probiotic
with the health of the intestinal tract and necessity to use them during antibiotic
treatment, which became a common practice but oral antibiotics also play an
important role in the overall health of an individual. It was demonstrated that
probiotics have the potential for modification of the oral microbiota and are effec-
tive in the prevention and treatment of oral cavity diseases, such as dental caries
and periodontal diseases associated with dysbiosis [54]. Today, the global market
already offers some probiotic preparations that prevent formation of dental plaques,
support health of gingivae and teeth and help to fight the bad breath [55]. The most
frequently investigated bacteria include representatives of the genera Lactobacillus,
Streptococcus and Bifidobacterium. Species of these taxons are members of normal
microbiota found in the gastrointestinal tract, while some of them prefer to colo-
nise the oral cavity [56]. Potentially, pathogenic microorganisms enter the body
through the mouth or nose and thus the oral probiotics constitute and excellent
first-line protective barrier of the mouth and throat. Clinical studies in humans
that investigated treatment of periodontal diseases by probiotics reported overall
contributions such as the decreased bleeding of gums. The studies that involved the
use of probiotics as a supplement to clinical periodontal treatment showed a more
pronounced improvement of the clinical status of patients in comparison with the
clinical treatment alone [57]. One of the preparations used in Slovakia is ProDentis
[58], a preparation containing mostly Lactobacillus reuteri. One clinical study was
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based on the use of pastilles containing Lactobacillus reuteri strains as a supplement
of therapy of chronic periodontitis. Results of this study revealed a marked decrease
of occurrence of Porphyromonas gingivalis in the saliva and in subgingival and
supragingival plaques [59].

4.2 Properties of oral probiotics and mechanism of their effect

The effectiveness of probiotic microorganisms in the oral cavity depends on
their ability to resist to the environmental conditions and protective mechanisms,
to adhere to the surfaces coated by saliva, easily colonise the mouth and grow in it
and inhibit oral pathogens without harming the host [55]. Ideal properties of oral
probiotics are presented as follows [60]:

1.binding to dental surfaces,

2. production of antimicrobial substances against oral pathogens,
3.aberration of environmental conditions in the mouth, and
4.reduction of the inflammatory response.

The mechanism of effect of probiotics in the oral cavity (Figure7) is almost
identical with that in the gastrointestinal tract, i.e., modulation of the immune
response, metabolic effects and harmonisation of the intestinal or oral microbiota.

Probiotic bacteria excrete various antimicrobial compounds such as organic
acids, hydrogen peroxide and bacteriocins [61]. In addition, they compete with
pathogens for the adhesive sites on mucous membranes. They can also modify their
environment by modulation of its pH or the oxidation-reduction potential, which
can interfere with the ability of pathogens to establish themselves on the mucosa.
The beneficial effects of probiotics may include stimulation of the nonspecific
immunity and modulation of humoral and cellular immune responses [14, 62].
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Figure7.

Mechanism of the effect of probiotics in the oral cavity.
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4.3 Potential risks of the use of probiotics

Before introduction of any probiotic product to market, it has to comply with
very strict conditions. The product should be a result of thorough research of the
relevant strain and each dose should contain sufficient bacteria even after storage of
the preparation [63]. Probiotics are considered safe as they contain nonpathogenic
microorganisms, and this is one of the reasons for high willingness of patients to use
them. Risk to health may occur during a long-term use of probiotic preparation at
diseases or states that enable their potential passage to the body at the development
of secondary infection. Such states include bloody diarrhoea, immunosuppressive
treatment or irradiation. Additional potential risks include transfer of vancomycin
resistance by strains of Enterococcus faecium, administration of high doses of probi-
otics to autoimmune patients, infants and newborns with immunity and intestinal
permeability disorders and administration to patients with immature or markedly
disturbed immune system or patients with AIDS [64].

Probiotics can be routinely used as a food supplement, and their positive health
claims were well described [65]. Despite that, some undesirable effects of the use of
probiotics can also occur [66]. Usually, this involves only mild reactions that affect
small percentage of users. When using probiotic products, it is necessary to consult
a doctor about potential indications and undesirable effects [67]. Clinical indica-
tions of the use of probiotics are very extensive. One of their unwanted effects are
digestion problems that may involve tympany and increased thirst [68]. Biogenic
amines are low molecular weight organic compounds produced by degradation of
amino acids, which may affect negatively the human organism [69]. The biogenic
amines produced from the accepted food by fermentation activity of probiotic
bacteria have excitation effect on the nervous system and decrease blood flow
through organs, which can result in headaches [70]. Biogenic amines are histamine,
tyramine, tryptamine, putrescin, spermidine and phenyl ethylamine [71]. In some
groups of people, the use of probiotic products results in increased risk of infec-
tions, such as in immunosuppressed individuals or patients after surgeries hospi-
talised for long time. One should not forget to mention allergic reactions associated
with the use of probiotic components. Probiotic products contain various additives
such as lactose, eggs, soya or other generally known allergens. The consumers
should avoid components that may induce in them hypersensitivity or allergic
reactions [72]. Basically, such cases are rare and the probiotic treatment can be
referred to as the treatment on a natural basis. At the same time, it is recommended
to increase gradually the doses of probiotics until reaching the full dose in order to
prevent potential side effects that occur particularly in weakened individuals.

5. Conclusion

There is an increasing concern about the fact that oral diseases put a systemic
load on the organism. This stresses the importance of oral health for the overall
health of an individual and the population. Predictions have been made in the past
that the scientific and technological advances in the field of molecular biology,
immunology and genetics, together with ageing of the population, will require
future complex health service measures within which the care of the oral health
will become important from the point of view of management of overall health and
economy, and thus will necessitate novel oral health approaches. Bioactive com-
pounds, as substances capable of affecting the microbiocenosis environment, are
considered an alternative when searching for replacement for antibiotics. Results
of the studies focused on microbiocenosis of the dental biofilm and interactions
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between individual bacterial species indicate a probiotic potential of some oral
bacteria and their potential to prevent oral cavity diseases. Qualitative influence

on pathogenic bacterial microbiota of the oral cavity, exerted by probiotic bacteria
such as Streptococcus salivarius, brings not only health but also economic benefits.
One should only hope that additional evidence of beneficial effects of probiotics
and increased knowledge about biochemical and immunological mechanisms of
their action will improve the potential of treatment and prevention of oral diseases
and result in more rational and targeted use of bacterial supplements under specific
clinical conditions.
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The Importance of Biofilms to the
Fate and Effects of Microplastics

John A. Glaser

Abstract

Microplastics are global pollutants in water media ranging from drinking water
to freshwater streams to oceanic pollutant gyres. Besides the obvious appearance
involving a scattered presence in the environmental landscape, microplastics are
ubiquitous across modern society in products, food, and beginning to have strong
economic effects too. Ingestion of microplastics is virtually unavoidable for each
of us as we consume food, breathe air, or drink liquids. For example, beer has been
found to be contaminated with plastic materials having the dimensions of micro-
and nanoparticles. In the environment, the formation of biofilms on microplastics
is widely observed and this can significantly alter properties important to environ-
mental and human health. Significant research has been conducted on the role of
biofilms in the fate and effect of microplastics on environmental and human health,
with a general message to avoid contact with microplastics in the environment until
more complete strategies for cleanup are developed.

Keywords: biofilms, fate and effects, microplastics, pathogenic human threats,
pollutants, toxicity

1. Introduction

Plastic derived from the Greek plasticos refers to synthetic carbonaceous polymers
that exhibit the desired degree of physical flexibility required for molding. During
the past 60 years, the product of organic polymer production exploded to virtually all
nooks and crannies across the globe [1]. In 2020, global plastic production is com-
posed of a few well-known polymers used in a wide range of products having differing
compositions and properties. Current plastic polymer production levels exceed 320
million metric tons (Mt). This surpassed production in the previous decade when sig-
nificant production capacities were idled [2]. Massive plastic pollution in the world’s
oceans is estimated to exceed 5 trillion pieces of plastic with a mass of 250,000 Mt [3].

Carbon-based commercialized polymeric materials having desirable physical
and chemical properties constitute a wide range of applications. Plastics have been
part of the broad range of commercial materials entering the global economy since
1950. The mass production of virgin polymers has been estimated at 8300 Mt. for
the period from 1950 to 2015 [4]. Global consumption of plastics continues at a
rate of roughly 311 Mt. per year with 90% derived from a petroleum origin and has
become a major worldwide solid waste problem. Plastic packaging enhancements
have changed the composition of solid waste to where the plastic fraction exceeds
10% in 2005 [5]. In the plastic recycle flow, packaging plastics are poorly recycled.
The bulk of plastic waste is disposed in landfills and the natural environment which
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may exceed 12,000 Mt. of plastic waste by 2050 if current production and waste
management trends continue unabated [2].

Macroplastics or the polymers from which they are constructed have been rec-
ognized as valuable materials composed of repeating units and applicable to many
material design requirements [6]. Each repeating unit of a polymer is referred to as
the “-mer” with “polymer” denoting a chemical composed of many repeating units.
Plastics are unique materials having the benefits of being light weight, versatile, having
reasonably long service lives, and attractive cost. Across the land and seas, the accu-
mulation of plastic litter found in natural environments looms as a global issue [7].
Potential negative impacts to wildlife, human health, and the economy offer strong
incentives to thoroughly explore our approach to the sustainable use of plastics [8].

2. Plastics in the environment

Easily observed plastic pollution is often referred to as macroplastics which have
dimensions greater than 1 mm. Smaller plastic particles are referred as micro- or
nanoparticle. The aspects of long-term pollution and human health effects have been
issues of social concern in recent times [9]. The wanton dispersal of plastic film bags
and drink bottles mar our global landscape, waterways, and oceans/seas. Plastics
apparent resistance to degradation elongates their residence time in the environ-
ment. Environmental processes can contribute to the debris by activating degrada-
tion pathways which lead to the conversion of macroplastics to smaller dimension
plastic materials [10]. Plastics can carry with them pollutants such as plasticizers,
antioxidants, and other persistent organic pollutants Table 1 [11-15]. Human health
concerns have been focused on the monomeric components, additives, and certain
combinations of the chemical employed in the synthesis of a plastic [16].

Characteristic Behavior

Density Determines the vertical water column position

Crystallinity Controls susceptibility to photochemical oxidation

Extent of oxidation Chemical composition determines the ease of oxidation and weathering
Biodegradability Contributes to the general structural deterioration of microplastics through

biological means

Monomer residual Potential source of toxicity and small molecule pollutants
Transport properties Affinity for hydrophobic chemicals and metals
Polymer additives Highly variable depending on polymer composition and application of polymer
Surface properties Important to aggregate formation and biofouling
Table 1.

Characteristics influencing microplastic behavior.

3. Microplastics

The chemical composition of the major plastics provides some basic understanding
of their environmental behavior (Table 2) [17]. The physical dimensions of plastic par-
ticles are classified by size class which refers to the particle’s largest dimension that is
important to the design of analytical collection protocols used in sampling microplas-
tics sensitive to particle shape [18, 19]. The term microplastics refers to anthropogenic
polymer materials having the dimensions of less than 5 mm (0.2 inch) occurring as
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Polymer category Specific Water column Degree of
gravity movement crystallinity %

Polyethylene (PE) 0.91-0.94 Float
Low density LDPE « “ 45-55
High density HDPE “ « 70-80
Polypropylene (PP) 0.90-0.92 «
Atactic PP “ “ ~0
Isotactic PP “ “ 70-80
Polystyrene (expanded) (PS) 0.01-1.05 «
Seawater ~1.02
Polystyrene 1.04-1.09 Sink
Polyvinyl chloride (PVC) 1.16-1.30 «
Polyamide 113-115 « 35-45
Polyethylene terephthalate (PET) 1.34-1.39 « 30-40
Polyester resin + glass fibers >1.35 «
Cellulose acetate 1.22-1.24 «

Table 2.

Plastic properties important to the fate and effects of microplastics.

plastic pollution in the environment [20]. Smaller particles referred to as nanoplastics
are becoming an issue of growing concern that falls into the size range of 10-1,000 nm
[21]. The consensus definition and categorization of plastic debris are yet to be
achieved. Uneven size classes are employed for sampling for microplastics to represent
random size classes, and even material composition is a matter of debate [22, 23].

3.1 Definition

Microplastic specifications can be found in two broad categories, primary
and secondary [24]. Primary microplastics are manufactured particles that are
characterized as microbeads, nurdles, and fibers in size dimensions of 5 mm or
smaller. Any interception technology must be equipped with appropriately sized
filters to remove the particles from contaminated environmental media. Secondary
microplastics are formed from larger plastics or macroplastics through the effects of
weathering and physical deterioration in the environment. Weathering by photo-
chemical oxidation, UV rays, and wind and wave action leads to the fragmentation
of macroplastics to form microplastics. Aquatic plastic debris can be organized by
size as mega (>1 m)-, macro (<1 m)-, meso (<2.5 cm)-, micro (<5 mm)-, and nano
(<1 pm)-dimensions [25]. A recently proposed size schema separates microplastics
in marine environments into the following categories: nano (1-1000 nm)-, micro
(1-1000 pm)-, meso (1-10 mm)-, and macroplastics (>1 cm). Size schemes are pro-
posed to address the sampling problems encountered in the field, but these schemes
are lacking since it is difficult to provide a microplastic sample that is spatially
representative of a specific environmental space [26-29].

3.2 Composition

Chemical composition and environmental impacts of microplastic samples
differ broadly (Table 2). Microplastic composition reflects the use and disposal of
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the most popular macroplastics such as the polyolefins [polypropylene (PP) and
polyethylene (PE)], polyvinyl chloride (PVC), polyurethane (PU), polyethylene
terephthalate (PET), polystyrene (PS), and polycarbonate (PC). The composition
of this list represents a large fraction of plastic use and global plastic production
[2]. The high molecular weight of most plastic polymers renders them biochemi-
cally inert initially and hence have an inherent low toxicity due to lack of water
solubility [30]. Many polymer compositions can contain small concentrations of
unpolymerized monomer [31]. Monomers can be toxic and carcinogenic as in the
case of styrene or vinyl chloride [32]. Problematic plastics such as PVC, PU, PS, and
PC can contain toxic monomers or additives. Additives can include fillers, plasticiz-
ers, coloring agents, antimicrobials, flame retardants, and other material property
modifiers [33]. These materials represent a source of health risks for humans and
other species [34].

3.3 Origin

Microplastics can be produced directly for use as raw materials in the fabrication
of larger items. Environmental processes are known to form microplastic particles
through mechanical destruction of macroplastic materials such as automobile tires
disintegrating during wear and use [35]. As ingredients of abrasive, cleaning, and
cosmetic products, microplastics have been manufactured as articles of commerce
[36]. Microplastics were found to form during material wear of macroplastics by
industrial processes and via physical breakdown of macroplastics [35, 36]. Their
abundance and in situ effects of the environment have not been well quantified due
in part to the random composition of particles of non-uniform shapes which are
difficult to assess by representative samples [37]. The abundance of micro-, meso-,
and macroplastics floating in the marine environment has been estimated from
aggregated data derived from a host of surveys [38]. An estimate of global plastic
pollution identifies at least 5.25 trillion plastic pieces of plastics, and most of its
composition is microplastics [39]. Plastic marine debris (PMD) surveys suggested
estimates of the total burden could be at least an order of magnitude lower than
what has been observed in the environment [40]. A concern for a missing debris
component has been interpreted as losses to deep sea and sediment sinks as promi-
nent components to marine plastic fate [41].

3.4 Analytical protocols

An understanding of microplastic pollution requires the use of proper and
clear terminology for use in the design of data collection and supporting analytical
protocols, enhanced coordination of strategic design for research directions, and
most importantly a consensus development of mitigation management practices
tailored to the global problem solution [42]. Composition, dimensions, and shape
of plastic debris can be defined explicitly to properly design sampling protocols and
conduct the requisite analytical determinations (biological, chemical, and physical)
using a wide array of techniques ranging from microscopy to different forms of
spectroscopy [43]. Physicochemical properties (polymer composition, solid state,
solubility) are employed as standards accompanying size, shape, color, and origin
for categorical identification [44].

Standardized quantification and analysis procedures designed to analyze
microplastics are critical to the design and data collection for comparative research
studies [45]. Microplastics have high surface area solids and should be described in
consensus terms [46]. The surface area of environmentally sampled microplastics
was found to be a very important descriptor along with an accurate parameter to
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describe plastic size coupled with a description of plastic quantity per spatial area.
As widespread contaminants, microplastics can be found in virtually all environ-
mental partitions [47]. Features such as spatial information, contamination sources,
fate, and environmental concentration are difficult to assemble and the variety of
analytical procedures currently in use hinders a timely and proficient gathering of
information [48]. Methods currently used to sample and detect microplastics are
under review which is aimed to identify flaws in design and suggest alternatives
[49]. Analytical protocols must be designed to include bulk sample collection,
particle separation, digestion, identification and quantification, and mitigation

of cross-contamination in the form of transportable and consensus tools. This
enhanced ability to sample and analyze microplastics enables the use of more
representative samples and helps enhance the determination of the sample features
mentioned previously. Incorporation of these features provides an enhanced ability
to sample and analyze microplastics leading to the utilization of more representa-
tive samples attuned to the sample features required for the formulation of standard
methods. The inclusion of new and novel analytical methodology can assist the
chemical, biological, and physical characterization of samples [50].

3.5 Concerns

Without the proper knowledge of the environmental behavior of microplastics,
we are incapable of solving the growing problem of microplastic management as
applied to reducing the problem dimensions and human health risk. The necessary
knowledge rests on properly designed research efforts and the use of harmonized
and consensus analytical tools employed in the data gathering. What parameters for
quantifying microplastics are available at a status that permits the comparison of
field results acceptable to the general research community?

4, Biofilms

A consortium of microorganisms composed of cells adhering to a surface is
called a biofilm [51, 52]. The physical setting for cells to adhere to a surface occurs
through the intermediacy of extracellular polymeric substances (EPS) which forms
a slimy extracellular matrix Figure 1 [53]. Microbial cells in the biofilm produce the
EPS which are composites of extracellular polysaccharides, proteins, lipids, and
DNA [54, 55]. The cellular agglomeration of biofilms forms a three-dimensional
structure as a community that offers significant protection against the forces levied
by the environment [56].

4.1 Structure

Microbial cells composing a biofilm are distinct from the planktonic cells of
the same organism, which are single-cell organisms that are free to float or swim
in an aquatic medium [57]. Biofilm structures are formed in response to a variety
of different factors enabling biofilm development [58, 59]. Surface recognition is
important to specific or nonspecific attachment sites, toxic materials, or antibiot-
ics, and nutritional stress may complicate biofilm growth Figure 2 [60]. A cell that
switches to the biofilm mode of growth undergoes a shift of observable behavior
of the bacteria resulting from the interaction of its genotype with the environ-
ment that is required of a microbial cell in the transition from planktonic to sessile
growth in the regulation genes of the biofilm. A biofilm can mimic a hydrogel, a
three-dimensional (3D) network of hydrophilic polymers complex containing a
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Site of biofilm interactions.

large quantity of water, which retains its structure through chemical or physical
cross-linking polymer chains [61]. Biofilm formation can lead to the formation of a
coordinated functional microbial community. The bacteria composing a biofilm can
share nutrients due to their proximity in the biofilm and protection from harmful
factors of the environment. Biofilms usually begin to form when a free-swimming
bacterium attaches to a surface [62].

Colonization of a surface requires a significant transition from the free-living
planktonic existence in the bulk aquatic phase to a surface-attached state. A biofilm
life cycle is portrayed in Figure 2 [63]. This process is initiated by the reversible
adhesion of a few single cells to a surface leading to a reversible attachment where
weakly attached cells are sloughed to the bulk medium, or irreversible attach-
ment where interactions of the cells and a surface are reinforced [64]. Irreversibly
attached cells at a surface continue to agglomerate to form microcolonies through
cellular division and can proceed to form a mature biofilm when the conditions
support growth [65]. As the biofilm matures, factors that will prevent sustainable
growth can be triggered by limited nutrients supply or lowered oxygen concentra-
tions may reverse biofilm formation through the dispersal of cells from the biofilm
to the bulk aquatic phase. Released cells may attach to a new surface [66]. For
single-cell adhesion, three factors leading to single-cell adhesion require atten-
tion: the chemical and physical composition of the aquatic environment, the solid
surface, and the transitioning microbiota [67].

4.2 Characteristics

Microorganisms form from attached phase growth structures (biofilms) or
multicellular microbial communities by transitioning from planktonic (freely-
swimming) biota to components of a complex, surface-attached community
(Figure 1). These communities of adhering microorganisms in the form of biofilms
provide protection to the microbes participating in its development. The process
begins with planktonic microorganism encountering a surface where some adsorb
followed by surface release to final attachment by the secretion of exopolysaccha-
rides which act as an adhesive for the growing biofilm (Figure 2) [68]. Switching
from a planktonic existence to an attached-life state (sessile) requires a complex
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Biofilm life cycle.

process composed of several factors derived from biological, chemical, and physi-
cal properties of the environment, the surface, and the bacterial cell (Figure 2)
[69]. Initial weak, reversible interactions between a bacterium and a surface lead to
irreversible adhesion. New phenotypic characteristics are exhibited by the bacteria
of a biofilm in response to environmental signals. Initial cell-polymer surface inter-
actions, biofilm maturation, and the return to the planktonic mode of growth have
regulatory circuits and genetic elements controlling these diverse functions. Studies
have been conducted to explore the genetic basis of biofilm development with the
development of new insights. Compositionally, these films have been found to be

a single microbial species or multiple microbial species with attachment to a range
of biotic and abiotic surfaces [70]. Mixed-species biofilms are generally encoun-
tered in most environments. With proper nutrient and carbon substrate provided,
biofilms can grow to massive sizes. A biofilm can achieve large film structures that
may be sensitive to physical forces such as agitation. Such energy regimes can lead
to biofilm detachment. An example of biofilm attachment and utility can be found
in the wastewater treatment sector where large polypropylene disks are rotated
through industrial or agriculture wastewater and then exposed to the atmosphere
to treat pollutants through the intermediacy of cultured biofilms attached to the
rotating polypropylene disk.

4.3 Plastic colonization and plastisphere communities

Plastic’s role in freshwater and marine systems is poorly understood from many
perspectives especially microbiology. Microscopic scrutiny and next-generation
sequencing of PMD from locations in the North Atlantic were used to characterize
attached microbial communities. A microbial community having a high degree of
diversity was identified as the “Plastisphere” from the pitting of the debris surface
which suggested bacterial shapes engaged in the utilization of the polymer by
enzymatic means [71]. Opportunistic pathogens were observed as specific members
of the genus Vibrio [72, 73]. Attached plastisphere communities were found to be
distinct from surrounding surface water, suggesting that PMD could be a novel
ecological habitat in the open ocean. Most natural floating marine substrates have
shorter half-lives than PMD which is enhanced by a hydrophobic surface that assists
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microbial colonization and biofilm formation. The adhesion of individual bacteria
to a surface-initiated biofilm formation is supported by a collection of factors arising
from initial adhesion to the growth of a mature biofilm [74].

Bacteria communicate with one another using chemical signal molecules [75].
This process, termed quorum sensing, allows bacteria to monitor the environment
to adjust community behavior at a population-wide scale in response to community
changes in the number and species present [76]. The information conveyed by these
molecules works to synchronize activities for a wide group of cells. This cell-to-cell
communication is used by bacteria to coordinate population density-dependent
changes in behavior. Quorum sensing involves the production of and response to
diffusible or secreted signals, which can vary substantially across different types of
bacteria and important to the first stage of encounter between a bacterium and a
solid surface [77].

Initial bacterial adhesion to a surface, bacterial mass transport, the role of
substratum surface properties in initial adhesion and the transition from reversible
to irreversible adhesion have been analyzed through a physiochemical lens to yield
great insight. Surface thermodynamics and Derjaguin Landau Verwey Overbeek
analyses can describe bacterial support using smooth, inert colloidal particles
to estimate bacterial cells. A depiction of initial bacterial adhesion to surface-
programmed biofilm growth was found to have four major stages: bacterial mass
transport towards a surface, reversible bacterial adhesion, conversion to irreversible
adhesion, cell wall deformation, and associated developing properties [78]. The
production of EPS can be surface-programmed [79]. Initial bacterial adhesion to
surfaces and biofilm growth at the solid surface is driven by aspects of physico-
chemistry [80].

Bacterial adhesion is important to the fate and transport of plastics in aquatic
environments. There has been no systematic investigation of bacterial adhesion to
different types of plastics. A limited evaluation of short-term and long-term adhe-
sion for different types of bacteria and four types of plastics, polyethylene (PE),
polypropylene (PP), polyethylene terephthalate (PET), and polyvinyl chloride
(PVC), was conducted [81]. The target physicochemical factors of surface charge,
hydrophobicity/hydrophilicity, roughness, and plastic hardness were character-
ized. Surface hardness of the plastics was identified as a major factor dominating
the adhesion of bacteria onto plastic surfaces in contrast to the other factors [82].
There were significant differences in bacterial cell adhesion for the types of plas-
tics. The different plastic types influenced the bacterial adhesion due to intrinsic
surface properties in both short- and long-term studies [83]. Generally, surface
roughness, topography, surface free energy, surface charge, electrostatic interac-
tions, and surface hydrophobicity are anticipated to be important to the process of
biofilm attachment [84].

5. Environmental effects and fate

A complex network of interactions existing among the physical, chemical, and
biological aspects of microplastics in an aquatic environment is shown in Figure 3
[85]. The microplastic interfaces with pollutant chemicals and biofilms. In this sys-
tem the plastic surface can be composed of pollutant chemical, biofilm, or biofilm
contaminated with pollutant. With time the interactions of microorganisms and
microplastics modify pollutant characteristics establishing how and why cells attach
to plastic particles. The complexity of the relationship between plastic particles and
microorganism attachment relies on factors influencing community development of
biofilm and physical characteristics of microplastic particles.
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Microplastic formation and environmental degradation.

5.1 Sorption

Plastics contaminating aquatic environments have been shown to hold various
pollutant chemicals arising from the plastic manufacture and environmental pollu-
tion. Understanding of sorption and desorption of chemicals by plastics is pivotal to
the evaluation of plastics, and their role is important to the environmental dynam-
ics of these chemicals and as a vector of pollution and human health concerns
[86]. The chemicals can be of inorganic and organic composition. Environmental
microplastic pollution is an assembly of effects found in freshwater and marine
conditions relating the complex interrelationship of physical processes, pollut-
ant chemicals, and biota in the formation of biofilms. Sorption of chemicals and
microbes to microplastic surfaces involves sorption of chemicals and biota directly
to the plastic surface that may or may not be covered with other pollutant chemicals
or biofilm. Direct sorption of chemicals to the plastic or biofilm covered plastic
surface may exhibit different effects.

The sorption of neutral chemicals to solids from a water phase requires par-
titioning of freely floating or partially dissolved organic chemical moieties from
an aqueous phase to a plastic surface [87, 88]. Factors affecting the partitioning
process are the magnitude of the sorption coefficient, temperature, pH, and
other coexisting organic and inorganic constituents present in the water phase
[89]. The environmental partitioning process is seldom if ever at equilibrium and
non-equilibrium conditions describe the general status of environmental condi-
tions. Stagnant or quiescent conditions in the environment may come the closest to
equilibrium partitioning conditions. Non-equilibrium conditions in environmental
aquatic systems arise from turbulent conditions ranging from flows through
broken or incomplete flow paths found in freshwater streams, sea wave action,
and wind and turbulent weather-related phenomena. Sorption properties are also
related to phenomena such as the chemical/physical properties of the solid, the
extent of physical degradation, biodegradation, and agglomerating processes such
as biofouling [90].

Sorption is a physical process of the environment where chemicals are trans-
ferred from a fluid phase such as water and air to a solid phase [91]. The term “sorp-
tion” collectively refers to both absorption and adsorption which are components of
the sorption process. Molecular penetration of a chemical and association within a
solid phase matrix defines absorption [92]. Whereas, adsorption refers to a process

311



Bacterial Biofilms

where molecules are confined at the interface between fluid and solid phases as an
adherent physical form [93]. Sorption is directly related to properties of the solid,
a chemical, and the surface-to-volume ratio of the solid which for microplastic
particles is quite large [94]. Apart from surface area, plastics exhibit a range of
properties and dimensions, implying the relevance of absorption and adsorption
to understanding the importance to the understanding of microplastics’ fate and
effect. Physisorption or physical sorption occurs from noncovalent intermolecular
interactions such as van der Waals interactions. The interaction forces of solids and
chemicals though the noncovalent interactions and their combinations and physi-
sorption are usually reversible. Generally, the sorption of materials and chemicals to
environmental solids is by physisorption.

5.2 Chemicals

Microplastics can sorb and accumulate both organic and inorganic contaminants
detrimental to humans and ecosystem life when released to organisms that may
ingest them [95]. Sorption is a major determinant for bioavailability and contributes
to the effects of combined exposure to chemicals and microplastics related to the
toxicity and bioaccumulation in humans and ecosystem flora. Neutral charged areas
of the microplastic surface offer attractive settings for deposition of chemicals due to
attractive hydrophobic forces. This is in contrast with hydrophilic or charged com-
pounds that are attracted to the negative-charged areas on the microplastic surface
through electrostatic interactions and aquatic media characteristics [94, 96]. Organic
chemicals associated with microplastic debris are typically in the semi-volatile
or non-volatile categories such as polychlorinated biphenyls and some organic
pesticides [97, 98]. Inorganic chemical species are generally ionic. Fuel chemicals
and other higher-boiling constituents can be found in the microplastic debris
[88, 99-103]. Weathering can be significantly changed the composition containing
volatile compounds.

Sorption evaluations can identify the chemicals with higher affinity to micro-
plastics under a variety of environmental conditions. Bench scale sorption studies
permit the evaluation of the mass balance for a specific chemical or chemical
mixtures. The distribution of chemicals in an environment contaminated with
microplastics can be estimated from experimentally determined sorption capaci-
ties. Toxicity parallels sorption data, but greater sorption to microplastics does not
necessarily lead to higher toxicity or bioaccumulation of a pollutant chemical.

5.3 Buoyancy and aggregation

Biofilm formation at the surface of microplastics may lead to density changes
of particles that alter the specific gravity for the mass of microplastic debris [104].
Mineral detritus when incorporated in microplastic debris will increase the density
which leads to sinking. Biofilm distribution and bioavailability are expected to
be adjusted in response to the buoyancy of microplastics [105]. Biofouling causes
changes in the buoyancy of microplastics and, with increasing specific gravity, leads
to descension in the water column to a depth of comparable density. Microplastic
sampling in the water column can lead to an underestimation of quantities since
turbulence leads to vertical mixing.

Aggregate debris formation can be enhanced by biofilm formation on microplas-
tic surfaces commonly expected in situations where diverse bacterial communities
colonize the microplastic surfaces. Aggregation has been confirmed by experiment
as a factor leading to the apparent removal of microplastics from the surface layer of
the marine ecosystems [106].
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Microplastics aggregate rapidly with biogenic particles found in the marine
environment [107]. The incorporation of organic material is accelerated through
gross aggregate formation. It is anticipated that natural aggregation dynamics will
influence particle size distribution and the export rates of organic matter which
may mirror the similar processes of freshwater and marine ecosystems.

5.4 Plastic biodegradation

Significant abiotic and biotic conditions exist to show that plastics are vulner-
able to these forces found in the environment. Plastic weathering contributes to
structural defects and size reduction but incomplete decay. Chemical and physical
degradation processes contribute to the overall weathering process. Plastics are
composed of a wide variety of chemical structure features that degrade in a spec-
trum of kinetics under biotic and abiotic conditions. Biodegradation of plastics
under aerobic conditions forms new products during the degradation path leading
potentially to mineralization forming process end-products such as CO,, H,0, or
CH, depending on the terminal electron acceptor [108]. Oxygen is the terminal
electron acceptor for the aerobic degradation process. Aerobic conditions lead to
the formation of CO, and H,O in addition to the cellular biomass of microorgan-
isms during the degradation of the plastic forms. When sulfidogenic conditions
are encountered, plastic biodegradation can lead to the formation of CO, and
H,0. Polymer degradation accomplished under anaerobic conditions produces
organic acids, H,O, CO,, and CH,. The aerobic process has been found to be more
efficient than anaerobic conditions. The anaerobic process produces less energy
due to the absence of O,, serving the electron acceptor, which is more efficient in
comparison to CO, and SO, > [109]. The exposed surface of plastics is where the
initial effects of biodegradation are encountered. The biodegradation rate is directly
related to the composition of the plastic. The increase of microbial-colonized
surface area leads to faster biodegradation rates assuming all other environmental
conditions to be equal [110]. Microorganisms can break organic chemicals into sim-
pler chemical forms through biochemical transformation. Plastic biodegradation is
a process in which any change in the polymer structure occurs through the structure
altering action of microbial enzymes leading to plastic property changes in the form
of molecular weight reduction, mechanical strength changes, and surface proper-
ties. A more complete understanding of plastic daughter products of environmental
degradation is required to more thoroughly understand the effectiveness of envi-
ronmental plastic degradation.

5.4.1 Human health and pathogenicity

A wide spectrum of pathogenic microorganisms exists and some form biofilms
with microplastics in aquatic environments [111]. Freshwater ecosystem analysis
has the formation of biofilms on microplastic substrates by a selected grouping
of human pathogens utilizing high-throughput sequencing of 16S rRNA that had
distinctive community structures [112]. Opportunistic human pathogens such as
Pseudomonas monteillii, Pseudomonas mendocina, and a plant pathogen Pseudomonas
syringae were detected forming a microplastic biofilm. The opportunistic pathogens
were enriched in a biofilm, and the microplastic biofilm exhibited a unique micro-
bial community structure. Distinctive antibiotic resistance genes were detected in
the microplastic biofilm. It appears that microplastic surfaces are novel microbial
niches and may serve as a vector for antibiotic resistance genetic traits and patho-
gens in freshwater bodies, engendering environmental risk and exerting adverse
impacts on human health [113].
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Vibrios are Gram-negative-curved bacilli naturally occuring in marine, estua-
rine, and freshwater systems [114]. A group of factors has been shown to drive
certain microorganisms’ virulence in iz vivo studies, and some are fitness factors
in the environment [115]. Factors associated with virulence, nutrient acquisition,
competition, survival in unfavorable biotic and abiotic conditions, and attachment
and colonization were found to be in the group [116]. As human and animal patho-
gens, it is important to understand virulence factors, attachment factors, regulatory
factors, and antimicrobial resistance factors, which have been characterized for
their importance to the organism’s fitness apart from its external environment.
Virulence and fitness factors were designated and characterized for the three main
human pathogens Vibrio cholerae, V. parahaemolyticus, and Vibrio vulnificus.

Bacterial fitness depends on the ability to colonize and grow in hosts, avoid immu-
nological inhibition, and be transmitted to a new host [117]. Established virulence
factors can be considered fitness factors, as these factors render the organisms more
fit under specific circumstances. Mobile components such as pathogenicity islands
carry genes that strengthen the fitness of Vibrios even when not producing a toxic
effect in a host [118]. Elevated mutation rates can also facilitate evolution of bacteria,
making it possible to survive under a wide array of environmental conditions [119].

The three-dimensional complex communities of microbes found in biofilms
form on both organic and inorganic substrates that render bacteria more protected
from environmental stressors [112]. Biofilms have been demonstrated and charac-
terized for V. vulnificus, V. pavahaemolyticus, V. cholerae, V. fischeri, V. harveyi, and V.
anguillarum [120].

Pathogen fitness factors and virulence factors produce similar effects in differ-
ent environments [121]. In unfavorable environments, microbial survival requires
factors supporting attachment and colonization such as polysaccharide synthesis,
secretion, colonization, motility, toxicity, and genetic regulation. Accompanying
these factors may be additive and synergistic effects important to active coloniza-
tion of biotic and abiotic substrates.

6. Conclusions

The global society’s concern over microplastics is directly related to its persistence
and potential adverse effects on aquatic biota. In aquatic environments, microorgan-
isms can colonize surfaces by forming adherent biofilms. Biofilm’s role in the fate and
effects of microplastic has not been completely delineated since active research is
aimed to fill copious information gaps. The physical interactions of plastic surfaces
and their microbial colonizers is becoming more functionally integrated in the
understanding of the effects of microplastic weathering, vertical transport in the
water column, and processes of sorption and contaminant release [122]. Biofilm-
plastic interactions are recognized for their influence on the fate and effects of
microplastics through modification of a particle’s physical and chemical properties.

The use of proper and clear terminology for the design of data collection and
supporting analytical protocols is necessary for the collection of representative data
which is important to the strategic design of research directions based on consensus
data development [42]. The necessary analytical determinations (biological, chemi-
cal, and physical) developed from a wide array of current and developing tech-
nologies offer answers to questions concerning the details of microplastics in the
environment. Spatial information, contamination sources, fate, and environmental
concentrations are necessary to a timely and proficient gathering of information
[48]. New and novel analytical methodology designed to assist the chemical,
biological, and physical characterization of samples is welcomed [50].
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An understanding of surface biofouling of submerged surfaces is important
to decipher surface colonization processes relative to of the behavior of plastic in
the environment [123-126]. An enhanced understanding of biofilm formation on
submerged surfaces is required to develop a more complete pictures of microbial
colonization and the basic processes involved in biofilm formations. Biofilm-plastic
interactions important to hydrodynamic processes, such as vertical transport,
require the use of environmentally representative biofilm.

The effect of biofilm formation and its connection to the kinetics of chemical par-
titioning required additional scrutiny [127, 128]. The complexity of surfaces available
to sorption processes needs attention to discover the relative importance of the mul-
tiple surface adsorption of organic and inorganic pollutant chemicals. The importance
of surface topography to the sorption process requires further research. Mechanisms
to explain toxic chemical transport by microplastics employing established biofilm
contaminated with heavy metals and organic chemicals will be very helpful.

Microbial effects specific to the ability of biofilm-forming microorganisms on
a microplastic surface in contact with aqueous media are important to the develop-
ment of biofilms and their control. Human pathogens such as strains of Vibrio spp.
have been isolated in formed biofilm on microplastics. The pathogen-populated
biofilms must be scrutinized for their possible role in the transmission of materials
that could be lethal [129].

Studies are available suggesting that biofilms on microplastics do not present
a threat over biofilms on naturally occurring surfaces [130, 131]. The pathogenic
populated biofilms are viewed as having no new adverse effect on human food
supplies. Since we are still an early state of learning with the environmental effects
of microplastics, it is incumbent that we continue to scrutinize biofilm effects and
their relation to human health and the health of aquatic ecosystems [132].

This chapter has focused on the question of a role for bacterial biofilms to the
environmental effects attributable to microplastics. The importance of biofilms to
plastics and their degradation is becoming more completely revealed through con-
tinuing focused research effort. The alacrity with which biofilms form on plastic in
the environment is functionally connected to ambient conditions and the weather
effects to which the plastic has been subjected. Microplastics and adherent biofilms
provide potential vector mechanisms to assist the transport of pollutant chemicals
and pathogens to a wide area of the aquatic environment.
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Chapter 19

Extending an Eco-Evolutionary
Understanding of
Biofilm-Formation at the
Air-Liquid Interface to
Community Biofilms

Robyn Jerdan, Olga Iungin, Olena V. Moshynets, Geert Potters
and Andrew J. Spiers

Abstract

Growing bacterial populations diversify to produce a number of competing
lineages. In the Pseudomonas fluorescens SBW25 model system, Wrinkly Spreader
mutant lineages, capable of colonising the air-liquid interface of static microcosms by
biofilm-formation, rapidly appear in diversifying populations with a fitness advan-
tage over the ancestral wild-type strain. Similarly, a biofilm is rapidly produced by a
community containing many biofilm-competent members, and selection by serial
transfer of biofilm samples across microcosms results in a gradually changing commu-
nity structure. Both the adaptive radiation producing Wrinkly Spreaders and the suc-
cession of biofilm communities in these static microcosms can be understood through
evolutionary ecology in which ecological interactions and evolutionary processes are
combined. Such eco-evolutionary dynamics are especially important for bacteria, as
rapid growth, high population densities and strong selection in the context of infec-
tions can lead to fast changes in disease progression and resistance phenotypes, while
similar changes in community function may also affect many microbially mediated
biotechnological and industrial processes. Evolutionary ecology provides an under-
standing of why bacterial biofilms are so prevalent and why they are such a successful
colonisation strategy, and it can be directly linked to molecular analyses to understand
the importance of pathways and responses involved in biofilm-formation.

Keywords: adaptive radiation, air-liquid (A-L) interface biofilms, evolutionary
ecology, experimental evolution, fitness, microcosms, oxygen gradients,
Pseudomonas, Wrinkly Spreaders

1. Introduction

Our research interests have focussed on air-liquid (A-L) interface biofilm-
formation by the model pseudomonad Pseudomonas fluorescens SBW25 and the adap-
tive Wrinkly Spreader in experimental microcosms (see our recent reviews [1, 2]),
and we have recently begun to extend our investigations into biofilm-formation by
communities dominated by similar biofilm-competent pseudomonads. Our research
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has also developed from a molecular biology perspective [1] towards a more
evolutionary and ecological understanding [2] of why biofilms are such a successful
colonisation strategy used by bacteria in a wide variety of environments.

In contrast to our changing perspectives, we realise that although biofilm
research is interdisciplinary, it appears dominated by molecular biologists working
with medically relevant model species with a focus on a mechanistic understanding
of biofilm-formation which has remained unchanged from that of the early biofilm
pioneers [3, 4]. However, contemporary biofilm research includes a wide range
of other disciplines, including evolutionary ecology which provides a framework
for understanding how the cooperation needed between bacterial cells to produce
biofilms is established and maintained, how bacteria diversify and adapt within
these structures, and how biofilm communities respond to changing environmental
conditions.

We note that although biofilm reviews addressing evolutionary ecology are
published regularly, evolutionary ecology content is negatively correlated with
molecular biology and medical content in those reviews with a wider focus.! This
should be of concern, as any mechanistic understanding of biofilms lacking an
evolutionary ecological element will not be able to evaluate the importance of these
structures nor make long-term predictions about persistence or function in a wide
range of medical, biotechnological and industrial contexts. Furthermore, these
negative correlations suggest that the medical molecular microbiology community
is ignoring or is unaware of the contributions evolutionary ecology could make
towards understanding and mitigating the impact of biofilm-associated disease.

2. Importance of an eco-evolutionary perspective in biofilm research

Evolutionary ecology seeks to understand how ecological interactions can affect
selection and adaptation and the consequences of evolutionary change [5-7]. These
interactions occur within and between populations, as well as with the environment,
and ecological processes involving these interactions explain community dynamics
and succession. In contrast, evolutionary processes are usually considered as driving
lineages through time, and when subject to selection can result in adaptive changes
and ultimately speciation (we use the term lineage here to include mutations, alleles
and genotypes, individuals and mutants, and species, all of which can be followed
through time and across generations to investigate ecological interactions or evolu-
tion). However, ecological and evolutionary changes are directly linked and can
occur on the same time-scale [8, 9]. Such eco-evolutionary dynamics are especially
important in bacterial populations and communities, where growth rates and num-
bers are high and selective pressures can be extreme, leading to the rapid fixation of
adaptive mutations and striking changes in phenotype or community function.

Evolution research should not therefore be limited to examining fossils or
contemporary ecosystems but can be undertaken over relatively short time-scales

! We have assessed changing interests in biofilm research by undertaking a simple content analysis of
open access reviews published between 2000 and 2004 and 2014-2019 listed by Google Scholar and
PubMed on 10 October 2019 (# = 40), scoring each for medical (M), molecular biology (MB), and evo-
lutionary or ecological (EE) content. No significant differences were seen in each content type between
dates (Wilcoxon, P < 0.05) or between contents for each date (Kruskal-Wallis, P < 0.05). In early
publications we found a significant correlation between M & MB (Spearman p = —0.83, P < 0.0001), but
not between M & EE (P = 0.12) or MB & EE (P = 0.96). In recent publications there were significant cor-
relations between M & EE (p = —0.74, P = 0.0002) and MB & EE (p = —0.43, P = 0.06), but not between
M & MB (P = 0.49).
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in experimental evolution studies using microbial populations and microcosms
[10-20]. In particular, the ease with which bacterial populations can be cultured,
short generation times and large population sizes which allow mutations to accu-
mulate (diversification) and be identified, the ability to freeze isolates indefinitely,
and undertake genetic analyses, make bacteria an ideal model to explore aspects of
evolutionary ecology.

Two significant eco-evolutionary processes are particularly relevant to biofilm
research. The first of these are ecological interactions which help assemble, stabilise
or change community structure [21-23] (community change is often referred to as
succession). The main two-way interactions between members of a community are
mutualism, commensalism, competition and predation. Cooperation, one example
of mutualism where both partners benefit, is usually considered an intraspecific or
within-lineage interaction, though it can also occur between closely related lineages
or lineages with very similar phenotypes as in the case of community biofilms.
External forcing such as physical disturbance can alter ecological interactions
(Figure 1a) and the impact of this can be measured in terms of system stability and
productivity, and possibly even by a change in function. Evolutionary processes,
including selection, speciation, drift and dispersal also effect community composi-
tion and diversity [21, 23, 24].

The second significant eco-evolutionary process relevant to biofilm research
is adaptive radiation [5], the evolution of diversity through random mutation and
selection (Figure 1b), which in the context of bacteria, can happen very rapidly
within a few generations. Developing populations accumulate mutations or diver-
sify, and those mutants with a fitness advantage over their competitors can be
considered successful or adaptive. Although evolution is normally thought of as
the slow accumulation of mutations with small additive effects on fitness, bacte-
rial microcosms are usually dominated by the first adaptive lineage to appear or by
adaptive lineages which appear early on in the process of diversification [14].

Adaptive lineages often make use of new ecological opportunities with key
innovations that allow them to interact with the environment in a fundamentally
different way [5, 25, 26]. Ecological interactions also occur between lineages and
will result in the fixation or loss of particular mutations. These interactions clearly
link community change and adaptive radiation, as they help determine the impor-
tance of novel ability, such as biofilm-formation, brought in by immigration or
key innovation resulting from mutation. In terms of the cooperation required for
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Figure 1.

Eco-evolutionary processes involve ecological intevactions and adaptive vadiation. Basic ecological interactions
determine community dynamics which can change over time, for example, by the immigration (dashed line) of
a new member with a novel ability (arrows and bars linking nodes vepresent positive and negative interactions
between community members, respectively) (a). Adaptive mutations occurring in diversifying populations
established by a common ancestor can lead to new lineages with key innovations which then compete with other
lineages (vertical lines represent mutations giving rise to new lineages) (b).
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biofilm-formation, kin selection ensures that cost of construction, often considered
in terms of public goods or common pool resources such as the extracellular poly-
meric substances (EPS) which provide the main structural element of biofilms, is
spread across all members who then all share in the benefits [15, 27].

Cooperation is further stabilized in biofilms by spatial separation of producers
and cheaters who do not contribute to the cost of construction and a reduction of
distance over which the benefits of cooperation act [19]. It is important to note that
where external forcing or selection occurs, or where there is an ecological oppor-
tunity, community structures will change and lineages continue to adapt, until the
theoretical end-point of evolution in a community known as an evolutionary stable
community is achieved [28].

3. The SBW25 model system

Pseudomonas fluorescens SBW25 was originally isolated from the sugar beet (Beta
vulgaris subsp. vulgaris) phyllosphere and has been used in experimental evolution stud-
ies where the appearance of mutant lineages with altered colony morphologies (these
are sometimes referred to as morphotypes or morphs) in diversifying populations have
allowed the dynamics of diversification and the fitness of adaptive mutations to be
readily investigated [1, 2, 13, 14, 19, 29]. In this system, competitive trade-offs between
lineages result in negative frequency-dependent selection and indicate that the major
driver of adaptive radiation is competition for limited resources [29].

Fitness, a measure of an individual’s reproductive success, is determined at
the population level in such microcosms. For bacteria, fitness is readily assessed
by comparing the maximum growth rate (vm,x) of one population with that of a
second, reference population. Simple growth rate comparisons are typically used to
infer the success of mutations for which enzymatic or regulatory changes are being
investigated, but a more meaningful ecological comparison can be made by grow-
ing the two populations together, allowing them to interact with one another and
to compete for limiting resources. Competitive fitness [14, 30, 31]* can be readily
determined using co-cultures if the two populations produce different colony
morphologies allowing viable number counts to be made on agar plates, or if they
can be labelled using fluorescent markers, to allow more rapid enumeration with
automated cell counters.

The evolutionary consequences of ecological processes are readily studied
using microcosms. They provide defined environments for bacterial growth, and
because they are reproducible, treatments can be replicated, experiments are
repeatable, and selective pressures can be changed by altering resources or inocula.
Nonetheless, the use of microcosms in evolution studies faces some criticisms,
including the fact that they are unnatural and very simple environments, and that
these studies are essentially contrived [15]. However, although populations may be
founded in these synthetic environments, evolutionary and ecological dynamics
are interpreted in terms of recent evolutionary history which may span 10-60,000

2 The competitive fitness (W) of one population (A) compared to a reference population (B) is deter-
mined as the ratio of Malthusian parameters (m4/mg) where m = In [final numbers/initial numbers]

for each population over the period of the assay [30] (m is scaled here for generation time using Iz as a
correcting factor [31]). When W) j is greater than one, A has a competitive advantage over B (and B is at
a disadvantage), when W, g is equal to one, the two populations are neutral, and when W} g is less than
one, A is at a disadvantage (and B has a competitive advantage). As W might be dependent on the initial
ratios of the two competing populations, it can show a frequency-dependent response. The selection
coefficient (s) is also often used as a measure of survival and success (s = 1 - W).

330



Extending an Eco-Evolutionary Understanding of Biofilm-Formation at the Air-Liquid Interface...
DOI: http://dx.doi.org/10.5772/intechopen.90955

generations in 1 day-25 years (for example, in our system which is described in the
following sections, and Lenski’s long-term evolution experiment (LTEE) [32]) dur-
ing which the populations adapt to these environments. Microcosms are not used
to replicate the complexity of natural environments but are rather models in which
key factors involved in the process of adaptive radiation can be tested [15]. These
studies are of course contrived, in the sense that they are designed and in some
cases the outcomes are inevitable, but the value of such an approach is that they can
be initiated at any point along the evolutionary process and are not limited by the
initial diversity or time (for example, the fitness of an adaptive lineage or mutant
compared to the ancestral strain can be immediately explored by using genetic
manipulation to produce the mutation without having to wait until it appears
naturally) [15].

In liquid cultures, wild-type SBW25 populations diversify as random mutations
occur, dividing the initially homogeneous or isogenic population into a number
of related but diversified lineages. One re-occurring lineage frequently found in
static microcosms was the Wrinkly Spreader (WS) mutant class, named after the
wrinkled and flat colonies produced on agar plates which are readily distinguished
from the smooth and rounded colonies produced by wild-type SBW25 (Figure 2a)
[29] (quantitative aspects of the WS phenotype are referred to as wrinkleality
[1, 35]). WS mutants are further distinguished by an altered niche preference in
static microcosms, where they form a robust and well-attached physically cohesive-
class biofilm [36] at the air-liquid (A-L) interface, rather than growing throughout
the liquid column like wild-type SBW25 (Figures 2b and 3b) [29] (A-L interface
biofilms are sometimes referred to as a pellicle [37]).

Wrinkly Spreaders are considered to be adaptive (evolved) lineages because they
have a competitive fitness advantage over their ancestor, wild-type SBW25, which
does not normally form biofilms in static microcosms [29, 38]. However, in shaking
microcosms WS mutants are disadvantaged because they cannot form biofilms [38]
and on agar plates the WS phenotype is genetically unstable [39]. Biofilm-formation
by Wrinkly Spreaders and SBW25 [40] is neither unusual nor peculiar, as many
other soil, plant and water-associated pseudomonads form A-L interface biofilms in
static microcosms under the same conditions [36].

Figure 2.

Ancestral SBW25 and adaptive Wrinkly Spreaders. Wild-type SBW25 and Wrinkly Spreader colonies

are readily identified on agar plates (a). In static microcosms (b), wild-type SBW25 grows throughout the
liquid column (left microcosm) and the Wrinkly Spreader forms a robust biofilm at the A-L interface (vight
microcosm,). These microcosms are 28-30 ml glass vials containing 6 ml growth medium; they are incubated
with shaking which provides a homogeneous and unstructured environment with good aeration, or statically
which leads to a heterogeneous and structured environment dominated by an O, gradient [29, 33]. When
tipped out, the WS biofilm retains shape (c) demonstrating just how robust these structures ave (see Figure 4
for more biofilm images). Photographs: A. Spiers.
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The success of the Wrinkly Spreader in static microcosms can be understood from an evolutionary ecological
perspective. The ecosystem engineering of the initial wild-type SBW25 colonists produces an O, gradient (dotted
curve) which creates an O,-rich upper zone (the Goldilocks zone) and a lower depleted zone (a). Wild-

type SBW25 and Wrinkly Spreaders show different niche preferences with the WS colonising the top of the
Goldilocks zone at the A-L interface (b). The WS biofilm-forming strategy is a more efficient use of resources
than constant aevotaxis (swimming) to counter Brownian motion, microcurrents and vibrations which would
move cells away from the optimal growth zone (c) (cell tracks indicate (i) aerotaxis towards the goldilocks zone
and (ii) displacement from this region; WS biofilms (iii) are formed at the A-L interface).

The distinctive WS colony morphology allowed an investigation of the genes
required for biofilm-formation, as mini-transposon mutants of the archetypal
WS with wild-type-like colony morphologies were also defective in biofilm-
formation [38]. This approach identified the cellulose biosynthesis (wss) operon
required for the production of partially acetylated cellulose which was the primary
biofilm matrix or EPS [38, 41]. However, the WS colony morphology and biofilm
also involves an additional EPS, poly-p-1,6-N-acetyl-D-glucosamine (PNAG),
as well as lipopolysaccharide (LPS), and interactions between cellulose, PNAG,
LPS, and cells are required to maintain biofilm strength and integrity [42, 43].
Mini-transposon analysis also identified a chemotaxis-like (wsp) operon with a
diguanylate cyclase (DGC) response regulator [38, 44-46]. Subsequent sequence
analysis of this operon from the archetypal WS determined the presence of a
single nucleotide mutation changing one amino acid residue in the methylesterase
subunit [45] which acts as a negative regulatory component of the system. This
results in the over-activation of the DCG, leading to increased c-di-GMP levels and
the activation of the cellulose synthase complex. Mutations in other Wsp subunits,
regulators and DGCs activated the WS phenotype in a series of independently
isolated mutants [35, 43, 45, 47-49].

This understanding of the underlying molecular biology of the WS phenotype
allowed a mechanistic link to be made between adaptive mutation and fitness [45]
and demonstrated how easily perturbations c-di-GMP homeostasis could result in
a key innovation through the activation of a system normally repressed in wild-
type SBW25 [1, 2]. The relative ease of recovering WS lineages from diversifying
populations of wild-type SBW25, demonstrating a change in niche preference and
determining the competitive fitness advantage compared to the ancestral strain,
also makes the SBW25 system a model for demonstrating evolution in laboratory
classes [50, 51].

The microcosm system has therefore since been used to examine how wild-type
colonists modify their environment [33], cells access the A-L interface [52], differ-
ent environmental conditions drive WS evolution, phenotype and fitness [35, 53],
and whether quorum regulation might be involved in biofilm-formation [54]. In the
following subsections, we describe how the ecosystem engineering of the colonists
provides the ecological opportunity and creates the niche for adaptive WS lineages
and explain why biofilm-formation is the better strategy for colonizing this new
niche.
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4. Ecosystem engineering, ecological opportunity and niche creation

Sterile static microcosms have a uniform O, distribution throughout the liquid
column. However, after inoculation the metabolic activity of wild-type SBW25 cells
rapidly produces a steep O, gradient, with less than 0.1% normal levels of dissolved
O, below 1 mm after 5 h [33]. The ecosystem engineering by these early colonists
is driven by O, uptake levels which exceed the O, flux from the air above into the
liquid column, and as a result the initially spatially homogeneous and unstructured
environment is divided into an upper high-O, zone and a lower O,-depleted zone
(Figure 3a). The transition between the two zones is arbitrary but reflects a signifi-
cant change in growth by wild-type SBW25. Further growth makes the O, gradient
even more extreme, with less than 1% O, found below the top 200 pm layer of the
liquid column after 5 days [33].

This depletion of O, is an example on a bacterial scale of the social dilemma
known as the tragedy of the commons. In this, O, is a shared and limiting resource
known as the commons, and if used selfishly and without restraint by members
of the community it will be depleted and eventually destroyed [55]. Despite the
growing difference between high and low-O, zones, wild-type SBW25 cells remain
distributed throughout the liquid column though there is an appreciable accumula-
tion of cells at the top [52]. Growth rates will be higher in this region which we
have described as the Goldilocks zone® of optimal growth [2, 53], rather than lower
down, as growth is limited by O, availability rather than by nutrient levels in this
microcosm system [33, 53].

The ecosystem engineering of the initial colonists is also an example of niche cre-
ation (niche construction or biogenic habitat formation) [19, 56], as the high-O, zone
now represents an ecological opportunity [5, 25, 26] for any adaptive lineage capable of
colonizing this region more successfully than the initial colonists. Adaptive radiation
and niche creation are inter-linked [5, 19, 25, 26, 57], and in this system the high-O,
zone is colonized primarily by the Wrinkly Spreaders by biofilm-formation at the A-L
interface (Figure 3b and c). Single-cell confocal Raman spectroscopy has demon-
strated that WS cells recovered from within the biofilm have the same spectral profile
as those grown under high-O, conditions, while cells recovered from the liquid column
below the biofilm are more similar to those grown under low-O, conditions [58].

WS cells under high-O, conditions also grow faster than those under low
0,-conditions [33]. However, although WS cells do not grow faster than wild-type
SBW?25 cells under high O,-conditions [33], their rapid domination of the A-L
interface and subsequent population growth displaces the wild-type colonists from
this region in a process known as niche exclusion. WS growth at the A-L interface
further reduces O, flux into the lower parts of the liquid column in a density
dependent manner, effectively limiting the growth of any non-biofilm-forming
competitor and WS biofilms have more impact on niche divergence as populations
lacking WS produce shallower O, gradients [59].

As the WS biofilm population increases, the division between the high and low-
O, zones also moves up into the biofilm [33], allowing further niche differentiation
within the biofilm structure itself. Substantial fitness variation has been observed

? ‘Goldilocks and the Three Bears), written by Robert Southey, is a tale about a girl called Goldilocks
who enters the home of a family of bears while they are away. She tests their chairs, beds and breakfast
porridge, always choosing the one most favourable for her, before eventually being chased away when
the bears return. The ‘Goldilocks zone’ is also used to refer to the habitable zone around a star where
the temperature is just right for liquid water to exist on an orbiting planet. Here we use the term, stricto
sensu, to mean the A-L interface plus the high-O, zone immediately below it.
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between independently isolated WS [38, 43, 47, 49], suggesting multiple lineages
may develop in these populations and compete with one another as Red Queens
[60]* and further competition occurs with resident cheater lineages which no longer
produce cellulose [61] and do not contribute to biofilm-formation [62-64].
Fluorescent microscopy suggests WS cells are most active near the top surface
of the biofilm [33] and electron micrographs show that it is a very porous structure
[65] (Figure 4). It is possible that continuous growth near the top progressively lim-
its the growth of cells lower down in a manner known as the Ancestors’ inhibition
effect [61], though this can also be interpreted as altruistic behaviour by cells which
push their descendants up into better O, conditions and help suffocate neighbour-
ing competitors [19, 61]. Spatial separation caused by the clumping of WS cells

Figure 4.

The Wrinkly Spreader biofilm is a complex structure with voids and fibres apparent at different levels of
magnification. Shown are views of biofilms in situ from above (a) and by electron microscopy (b and c) (scale
bars represent 10 um; the mean wild-type SBW25 bacterial body length is 3 pm [34] and individual cells are
just visible in (c)). Photographs: (a) A. Spiers, (b and c) O. Moshynets.

* The Red Queen is a character in ‘Through the looking-glass, and what Alice found there), written by
Lewis Carrol. In the Red Queen’s race, she and Alice were constantly running yet remained in the same
spot. The Red Queen has been adopted as an evolutionary hypothesis which states that lineages must
constantly adapt and evolve in order to compete successfully against others which are adapting and to a
constantly changing environment. (The Red Queen should not to be confused with the Queen of Hearts
who appears in an earlier story by Lewis Carrol.)
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by the production of cellulose and the exclusion of cheaters, plus the continued
development of the O, gradient within developing biofilms [33] which limits the
distance over which the benefits of cooperation act, will help stabilize cooperation
in biofilms [19] and allow kin selection to provide a competitive advantage to WS
lineages. Biofilm development, including increasing depth and total biomass, as
well as lineage and total population levels, ultimately ends with system failure when
it rips and sinks to the bottom of the microcosm vial [2].

5. Biofilm-formation is the best strategy for colonising the high-O, zone

Aerobic motile bacteria such as SBW25 could gain access to the high-O, zone
by aerotaxis [66], using flagella-mediated swimming motility and following the
O, gradient up towards the A-L interface. Aerotaxis could also be used to maintain
position against the physical displacement of cells caused by random diffusion,
micro-currents and random knocks and vibrations occurring in microcosms during
incubation. Although SBW25 is known to be capable of swimming, swarming and
twitching motilities, we only recently demonstrated that wild-type and WS cells are
aerotaxic [52] and that the average swimming velocity [34] is sufficient to overcome
the negative effects of random diffusion on cell localization [52].

However, random diffusion still has a significant effect on maintaining posi-
tion in the high-O, zone, and we were able to demonstrate this using modified
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WS fitness decreases with increasing liquid viscosity. Agar (light grey circles) and polyethylene glycol (dark grey
circles) were used to increase the viscosity of standard microcosms (white square) and the competitive fitness

of the archetypal WS determined in comparison with wild-type SBW25 under Fe-limited conditions where

it cannot form a biofilm. Means are shown with standard errors. Dotted lines suggest trends and differences
between means were investigated by Tukey-Kramer HSD; means sharing the same letters are not significantly
different (a = 0.05). Data are replotted from [52] (Supplementary Information,).
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microcosms in which we had added low concentrations of agar or polyethylene
glycol to increase viscosity, as diffusion is inversely dependent on liquid viscosity
[52]. Both wild-type and WS cell localization improved with increasing viscosity
and, furthermore, WS competitive fitness was found to decrease with increasing
viscosity (Figure 5) [52]. This indicates that WS biofilm-formation is a better
strategy allowing the colonization of the high-O, zone and more specifically, of the
A-L interface, than constant aerotaxis.

We argue that the need to remain in place at the top of the liquid column effi-
ciently in order to make use of greater O, availability is the fundamental explanation
for the success of A-L interface biofilm-formation in static microcosms by motile
aerobic such as the pseudomonads [36] where growth is limited by O,-availability
rather than by nutrients [53]. The success is determined by a cost-benefit trade-off,
in which resource costs required for biofilm-formation by the community or con-
stant aerotaxis by individual cells are balanced against population gains.

6. Biofilms are not equivalent structures or of equal value

Although biofilm-formation has been extensively investigated for a wide range
of model bacteria, SBW25 is the only strain for which multiple A-L interface bio-
films with qualitatively different phenotypes have been reported. Wild-type SBW25
produces a cellulose-based but fragile and poorly attached ‘viscous mass’ (VM)

[36] biofilm when induced by exogenous Fe [40], and a genetically modified strain
over-expressing the wss operon produces a similarly fragile biofilm [38]. In addition
to the Wrinkly Spreaders, Fuzzy Spreaders have also been recovered from diversify-
ing populations of SBW25 in static microcosms [29]. Though these were initially
thought to be adaptive mutants which grew at the bottom of static microcosms and
were adapted to anoxic conditions, they have subsequently been shown to produce
fragile and short-lived A-L interface biofilms in which cells aggregate because of
altered LPS expression [67]. A range of other biofilm-forming mutants have also
evolved from genetically manipulated strains of SBW25, including the CBFS and
PWS mutants which utilise PNAG as the primary biofilm matrix [43, 68].

WS and WS-like phenotypes are often caused by loss-of-function mutations
affecting negative regulators, less frequently by promoter activation or gene-fusion
mutations, and finally by rare mutations resulting in intragenic gain-of-function
[47]. In general, these biofilm-forming lineages have a fitness advantage compared
to non-biofilm-forming competitors [38, 43, 47, 49]. However, possible negative
pleiotropy and epistasis effects [11, 14] might contribute to a lower-than-expected
fitness advantage in some cases, and the accumulation of additional mutations not
associated with the WS phenotype may also have a negative effect on fitness in a
process known as Muller’s ratchet [14].

In order to better understand the links between WS mutation, phenotype, and
fitness, it has been necessary to develop quantitative assays to describe WS biofilms
and an experimental approach to test the effect of physical disturbance on biofilm-
formation and fitness. Variations in WS phenotype or wrinkleality [1, 35], including
microcosm growth, biofilm strength and attachment levels, can be determined
using a combined biofilm assay [69] that can quantitatively differentiate WS isolates
recovered from different environments, whilst careful use of orbital shakers can
provide intermediate levels of disturbance between static and shaking conditions.

Using this approach, we can differentiate CBFS, VM and WS biofilms on the
basis of competitive fitness compared to a non-biofilm-forming strain. Under static
conditions CBFS fitness is greater that either VM or WS biofilms, suggesting that
the CBFS biofilm is the most cost-effective solution to colonising the A-L interface.
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Figure 6.

Thge adaptive advantage of biofilms is dependent on levels of physical disturbance. Competitive fitness assays
were used to assess the adaptive advantage of CBFS, VM and WS biofilms compared to a non-biofilm-forming
competitor across a range of levels of physical disturbance from static to shaken conditions. Means are shown
with standard evvors. Dotted lines suggest trends and differences between means were investigated by Tukey-
Kramer HSD; means sharing the same letters are not significantly different (a = 0.05). Data and analyses will
be reported in full elsewhere (A. Koza and A. Spiers).

However, as the level of physical disturbance increases, CBFS and VM biofilms fail
and sink before the more resilient WS biofilms. As a result, their fitness decreases
before WS fitness (Figure 6). At maximum levels of disturbance where no biofilm
can form, VM and WS fitness is lower than CBFS fitness. This suggests that the VM
and WS phenotypes which continue to produce cellulose but cannot form biofilms
are more costly than the CBFS phenotype which does not utilise this particular
EPS. We noted that in these microcosms CBFS aggregates accumulated on the vial
walls above the liquid line. Stranded cells may have better access to O, than those
remaining in the liquid column and this may further increase competitive fitness.
We are also able to differentiate CBFS, VM and WS biofilms on the basis of
structure and rheology, which, when combined with our fitness analyses, suggests
that the CBFS biofilm is the most cost-effective structure allowing the colonisation
of the A-L interface. It falls between the more costly and over-engineered WS and
barely adequate VM biofilms and provides a greater fitness advantage because the
levels of physical disturbance static microcosms are subject to will neither increase,
which might favour the WS biofilm, nor fall, which may favour the VM biofilm.’

7. Community biofilm-formation in static microcosms

As the evolutionary dynamics of diversifying SBW25 populations and the
fitness advantages of biofilm-formation in static microcosms are increasingly
well understood, we have begun to consider the drivers of biofilm-formation in
community-based multi-species biofilms [70-72]. Communities artificially estab-
lished in microcosms from mixed inocula are particularly interesting as strong

> This ‘neither too much nor too little’ evaluation suits Red Queens who choose to compete for the
occupation of the Goldilocks zone in our microcosms.
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selection would be expected to play a role in community assembly with a rapid loss
of redundant members who do not contribute to the new system. There are simple
organising principles in microbial communities especially where competitive
interactions are dominant [73, 74]. However, with the exception of WS-like biofilms
initiated through mutation, cell-to-cell communication is thought to co-ordinate
biofilm-formation and ensure that all members contribute to the cost of production
without cheating [15, 27]. As a result, biofilm-formation is seen largely as a coop-
erative undertaking by closely related lineages, yet this appears to conflict with the
view that competitive interactions generally dominate microbial communities.

In order to investigate the relative importance of cooperation and competition
in community biofilms, we have developed a model system using soil-wash inocula
which include biofilm-competent pseudomonads [36] and our static microcosms
in which O, is the growth-limiting factor. This typically resulted in very fragile
and poorly attached VM-like biofilms within 2-3 days with substantial growth also
occurring throughout the liquid column. Preliminary trails suggested that growth
levels were sensitive to different media and aeration conditions, and treatment
with antibiotics, copper and perchlorate had differential effects on growth, biofilm
strength and attachment levels, demonstrating that different selective pressures
could alter community productivity and biofilm-formation.

We then undertook a serial transfer experiment selecting for biofilm-formation
by transferring biofilm samples using a wire-loop across a series of 10 microcosms
for a total of 60 days of incubation. Under such selection, we expected to see
replicate communities dominated by robust WS-like biofilms and a decrease in
strain diversity as non-biofilm-formers and uncompetitive strains were lost. We also
expect to see a significant reduction in the number of bacteria growing below the
biofilm in the liquid column, as competition for access to O, should drive ecological
change and result in more ‘effective’ biofilm-formation.

However, replicate communities continued to produce weak biofilms despite
their physically cohesive appearance [36], suggesting that the selective pressure
for biofilm-formation was not particularly strong. Nonetheless, a significant
loss of diversity was observed, and an analysis of random isolates suggested that
the proportion of biofilm-formers increased, and a phenotypic shift occurred
between the initial and final selected communities (Figure 7), confirming that
these communities were subject to selective pressure. Although we expected to
see the selected communities dominated by one or a few ‘super’ biofilm-formers,
they appeared to be dominated by a mix of lineages with very similar phenotypes.
This is perhaps not surprising, as our preparation of the soil-wash inocula would
have selected for fast-growing aerobic and biofilm-competent bacteria such as
Pseudomonas spp. from the original soil community (environmental filtering
within the soil would also have selected for related lineages and lineages with
similar phenotypes). Such mixes may be stable, as the coexistence of related
lineages and the coexistence of unrelated lineages with similar phenotypes, is
possible because they may not exhibit significant levels of negative interactions
and might even facilitate one another [75].

We also found significant levels of growth in the liquid column below the
biofilms, suggesting that lineages were colonising the A-L interface and low-0O,
region from the biofilm transfer samples and that migration was occurring between
these two zones. It is possible that biofilm-competent lineages might avoid competi-
tion at the A-L interface by choosing a less competitive niche lower down the liquid
column in a biochemical trade-off [76] in which lower growth rates resulting from
O,-limitation are balanced by the cost of biofilm-formation which would have been
required at the A-L interface.
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Segial transfer of biofilm samples vesults in changes in biofilm characteristics of individual community
members. Isolates were sampled from the initial (light grey circles) and final communities (dark grey circles)
after serial transfer of biofilm material by wire loop across 10 microcosms over 60 days. Principal component
analysis (PCA) of isolate biofilm chavacteristics, including total microcosm growth, biofilm strength and
attachment levels, shows a phenotypic shift occurring between initial and final communities. Data and analyses
will be veported in full elsewhere (R. Jerdan and A. Spiers).

Although this research is still on-going and will be published in full elsewhere,
our current focus is to better understand the levels of competition occurring within
the community biofilm and the role of the low-O, region in maintaining diversity in
selected communities. A future goal is to investigate the dynamics of diversification
of wild-type SBW25 in these communities in order to see how competition within
the community biofilm effects WS evolution and fitness.

8. Conclusions

Biofilm research is interdisciplinary but is increasingly fragmented and pola-
rised, with interest still dominated by molecular biologists working with medi-
cally relevant model species and a mechanistic focus on biofilm-formation. This
perspective limits our understanding of more complex community-based biofilms,
as ecological interactions and evolutionary processes play important roles in the
development and success of these structures, with immigration and adaptive radia-
tion introducing novel abilities or key innovations which may have a significant
impact on community function. Biofilm research is now at the stage where an eco-
evolutionary perspective should be included to produce a more comprehensive and
holistic understanding of biofilms in a wide range of contexts, from model systems
to biofilm-associated disease, biotechnology and industry.
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