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Abstract
Microbial communities are the assemblies of microorganisms which live collec-
tively on a surface being encapsulated in a matrix of extracellular polymeric 
substances (EPS). This particular form of the lifestyle which is collective in 
nature and shares the common living space is known as biofilm—the most famil-
iar form of bacterial growth. In the last few decades, a considerable number of 
researches have been dedicated towards the search for mechanisms behind the 
biofilm growth. In this chapter, we provide a description of the collective and 
social microbial behavior of biofilm with underlying mechanism for better 
understanding of the fundamental mechanisms behind the biofilm formation. 
Our aim is to describe the collective behavior of the microbial community with 
specific emphasis on the physical process of the biofilm development on the 
basis of statistical theory and hydrodynamics. The physical process of biofilm 
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formation often encounters the phenomena of pattern formation and is influ-
enced by the external parameters such as environmental stress conditions and 
nutrient limitation. Finally, we accumulate some recent significant observations 
on biofilms.

Keywords
Bacteria · Biofilms · Environmental stress · Pattern formation

3.1  Introduction

Bacteria are the oldest living microorganisms in the entire world, which cause dif-
ferent microbial infection diseases in the body such as infections of gastrointestinal 
tract, eye, dental implants, urogenital tract, lung tissue, and many more (Majumdar 
and Roy 2018b). Bacteria as a single cell is not harmful, but when behaves collec-
tively, it becomes pathogenic to humans. We find many pathogenic bacteria (i.e., 
Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli) in the different 
parts of the human body. The bacterial coordinated collective behavior (or bacterial 
communication process) is known as quorum sensing. It is a density-dependent 
complex biochemical phenomenon and is mediated by autoinducers (small chemi-
cal diffusible signaling molecules). Bacteria emit and receive autoinducers in order 
to mediate gene expression which governs the communication process. When the 
concentration of the autoinducers reaches (at high bacterial cell density) a threshold 
level, a qualitative change in the bacterial communication process occurs. The sin-
gle cell bacterial behavior at low cell density switches to multicellular network 
when the cell density reaches the threshold level (see Fig.  3.1b). It activates the 
genes expression (Gray et al. 1994; Fuqua et al. 1996; Shapiro 1998; Williams et al. 
2007; Majumdar and Mondal 2016; Majumdar and Pal 2016; Majumdar and Pal 
2017b; Majumdar et al. 2017; Majumdar and Roy 2018a). Various types of quorum 
sensing circuits such as ComD/ComE, AgrC/AgrA, ComP/ComA, LuxI/LuxR, 
TraI/TraR, LasI/LasR–RhlI/RhlR, ExpI/ExpR–CarI/CarR, AhyI/AhyR, CepI/CepR, 
EsaI/EsaR, EagI/EagR, YenI/YenR, and YtbI/YtbR system have been observed in 
gram-positive and gram-negative bacteria (Miller and Bassler 2001). Besides intra-
species communication, bacteria can communicate with other bacterium using auto-
inducers- 2. The production of autoinducers-2 is controlled by luxS gene (interspecies 
communication) (Majumdar et al. 2012; Majumdar and Pal 2017a). This cell-to-cell 
communication mechanism also regulates several other biological phenomena, 
which includes biofilm formation, antibiotic production, virulence, motility, sporu-
lation, symbiosis, competence, and conjugation (Miller and Bassler 2001; Majumdar 
and Pal 2018).

“Biofilms are aggregates of microbial cells, which are embedded in extracellular 
polymeric substances (EPS) that are adherent to each other and a surface” (Vert 
et al. 2012). This bacterial lifestyle is completely different from free living bacteria 
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while having the emergent properties as well (see Fig. 3.1a). Fundamental emergent 
properties of the biofilm include social interaction, novel structures, patterns, and 
physical interaction (biofilm formation) (Flemming et al. 2016). Biofilms are allied 
with many human diseases, contamination of several medical devices, plant infec-
tions, animal infections, wastewater treatment, food technology, and many more. 
Biofilm consists of high cell number density (108–1011 cells per gram wet weight) 
and undergoes differentiation.

3.2  Single Particle Tracking Method

One can use microfluidic devices (Hohne et  al. 2009), standard rheometers 
(Pavlovsky et al. 2013), atomic force microscopy (Aggarwal and Hozalski 2010), 
and combination of all to understand the physical properties of the biofilms. It is 
very difficult to understand several details of three-dimensional biofilm architecture 
in a different biofilm stage. We can study properties of reconstituted EPS (Cheong 
et al. 2009), motion of non-flagellated and flagellated bacteria (Rogers et al. 2008), 
and the effects of environment (Galy et al. 2012) using the single particle tracking. 
Charge interaction plays a significant role in mediating mobility inside the biofilms. 
We were observed that E. coli biofilms show height dependent charge density over 
time by microrheological concept and single particle tracking. We find some novel 
insight of the interconnecting micron scale channels (related to nutrient transfer) by 
the statistical analysis of bead trajectory. Moreover, this method provides a signifi-
cant evidence of the biofilm structure (i.e., permeability) and its properties over time 
(Birjiniuk et al. 2014).

(5) Dispersal

Low cell density
(Individual behaviours)

High cell density
(Group behaviours)

(3) EPS production
and quorum sensing

(2) Growth and division
production of flagella,
 pill shut off

(1) Initial attachment

(4) Mature Biofilm
Densely packed bacterial colonyPlanktonic bacteria

ca

b

Fig. 3.1 (a) Schematic visualization of bacterial lifestyle and a multistage process of bacterial 
biofilm formation, (b) In cell to-cell communication process, a single bacterial cell secretes auto-
inducers, but we can’t see any quorum sensing at low cell density. On the other hand, bacteria emit 
autoinducers, which are received by surrounding bacterial cells at high cell density (cell-to-cell 
communication occurs), (c) illustration of densely packed bacterial cells, which can be considered 
as coarse-grained system (Adapted from Majumdar and Roy 2019)
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3.3  Relevance of Physical Properties in Biofilms Formation

Bacteria live inside the biofilm, which is considered as a bacterial response to exter-
nal stress (osmolarity, shear, pH, starvation). Inside the biofilms, bacteria are densely 
packed and resistant to the hostile environment (i.e., antibiotics). Biofilm formation 
begins with collective cells and inert EPS matrix (as a response of external stress) 
(Branda et  al. 2005; Monds and O’Toole 2009). This bacterial lifestyle is very 
stressful and heterogeneous because of nutrient limitation and limited metabolites 
diffusion in the matrix. In the initial stage of biofilm formation, bacteria conversa-
tion takes place, which is mediated by autoinducers (quorum sensing mechanism). 
This cell-to-cell communication process induces cell aggregation as well as biofilm 
formation. We study the chemoattraction (neglecting cell-to-cell communication) 
by the following set of equations:
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where ρb is the local bacterial density, ρf is the local food density, k represents che-
moattractive sensitivity, C represents bacterial consumption rate of food, Db and Df 
represent the effective diffusion coefficient of bacteria at a coarse-grained level (see 
Fig. 3.1c) and nutrients, respectively. The behavior of the solutions of the set of Eqs. 
(3.1) and (3.2) is thus highly influenced by the external environmental conditions. 
We notice that bacteria diffuse over time in the absence of chemotaxis (or consump-
tion) and follow the food gradient (in presence of food). Thus, it is failed to describe 
the cell aggregation (Lambert et al. 2014).

Now, we consider the cell-to-cell communication process and ct represents sig-
naling field (quorum sensing) for chemotaxis-based bacterial movement within 
each micro-habitat patch (MHP) and follow the equation below:

 T D ct t t= − ∇ + ∇. . .ψ χψ  (3.3)

 ∂ = +∇t t Tψ   (3.4)

where ψt represents bacterial density,   is the local growth, and ∇  is the chemo-
tactic spatial coupling. The first term of the above Eq. (3.3) describes the balance 
between dispersive forces and other term shows chemotaxis-based aggregation 
(depend on density), at local scale (Lambert et al. 2014).

Later, Keller–Segel equations (for similar situation) are described as follows:
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where bacteria consume food at a rate γ, signaling molecule is produced by the food 
at a rate β, net growth rate is α, f is the concentration of the food, and c is the con-
centration of the chemoattractant molecule. We find instability in the bacterial pop-
ulation by perturbative analysis of the Keller–Segel equations. This happens at the 
early stage of the biofilm formation (Lambert et al. 2014).

The Keller–Segel equations give an instability at the very beginning of the bio-
film formation and trigger bacterial population to crowd into small volume. We can 
investigate the whole developmental process from the single species of bacteria to 
biofilm inside micro-habitat (see detail in Lambert et al. 2014). Moreover, we find 
the viscoelastic properties of non-adherent biofilms, competition dynamics, and 
horizontal gene transfer between isolated biofilm populations (Lambert et al. 2014).

3.4  Branching Patterns

Branching patterns are common in nature, which is fascinating for both a mathema-
tician and a biologist. We observe branching patterns in different cases, which 
includes circulatory system, lungs in vertebrates (Metzger et al. 2008), networks of 
slime molds (Tero et  al. 2010), the branched colonies of corals (Helmuth et  al. 
1997), and roots of trees (de Smet and Jürgens 2007). Swarming is considered as 
population dispersal process. Bacterial colonies migrate over surface (agar plate) 
due to swarming. Bacterium (i.e., P. aeruginosa) swarming colonies can form a 
branching pattern (see Fig. 3.2). The dispersal ability is growing and hyperswarm-
ing has been noticed, which destroy the patterns. This experimental evidence recon-
structs by computer simulation of SIMSWARM and ecological model of colony 
dispersal (Deng et al. 2014).

Now, we describe the mathematical formalism of branching patterns. Let us 
assume L(d) be a spatial kernel which represents the colonization of patch at a dis-
tance d to the focal point. Using integro-difference technique, we can find out the 
dynamics of colonization of focal patch, N as

 
N L d N x y dxdyt x y t+

−∞

+∞

= ∫ ( ) ( )∫1 , ,
 

(3.8)

The niche is located in coordinate (x, y) and dx, y represents the distance between 
focal niche. Shape and variance are separated by the below exponential equation for 
the kernel.
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where h1 sets the shape. The d1 is the distance where the colonization rate L+(d) is 
half of its maximal. Let us consider the second process (counteracts dispersal) as 
follows:
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This process implies a negative effect (i.e., crowding, repulsion). The resulting spa-
tial kernel can be represented by
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where b scales the strength of the positive process relative to the negative. One can 
apply cellular automata model with this spatial kernel (SIMSWARM). Then the 
simulation generates a range of colony shapes as shown in Fig. 3.3a. If the shape 
factor is high, the colony becomes round. On the other hand, branched colony 
appears at low shape factor. In particular, the colony branching is possible (with 
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Fig. 3.2 (a) The experimental evidence of P. aeruginosa swarming colonies. It demonstrates 
branching patterns and how it is disrupted by hyperswarmers. (b) P. aeruginosa (wild-type) have 
a single flagellum (left panel). Lab experiment explores a highly dispersive hyperswarmer mutants 
(with multiple flagella) and the bacterial colonies without branching patterns (right panel) (Adapted 
from Deng et al. 2014)
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Fig. 3.3 Bacterial colony morphology induces by spatial kernel. (A) The colony shapes aregener-

ated by SIMSWARM. Parameter b  (strength of the positive process) and 
d

d
1

2

 (scale ofpositive 

interaction) varies across row and column respectively. The white color shows the bacteria occu-
pied niches (currently) and grey color shows niches that were at some point occupied by bacteria. 

(B ) All stimulation is conducted with h1 = h2 = ∞. Simulations shows that for each value of
d

d
1

2

 
branching occurs in narrow windows of b (Adapted from Deng et al. 2014)
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h1 = h2 = ∞) in a very narrow region of parameter space. One can find this parameter 
region by plotting circularity of colony shapes (see Fig. 3.2b) (Deng et al. 2014).

3.5  Recent Observations on Biofilms

• The combination of theoretical and experimental results describes that the effec-
tive cell–cell interaction potential captures the emergent architecture and growth 
dynamics of biofilm (Hartmann et al. 2019).

• The printable and programmable B. subtilis biofilms are made, which represents 
a completely advanced kind of living functional material. They are self- 
regenerating, tunable, and multifunctional. This living functional material has 
application in medicine and biotechnology (Huang et al. 2019).

• P. aeruginosa biofilm formation on the cornea is responsible for keratitis. P. 
aeruginosa biofilm infection (corneal) is limited by the neutrophilic recruitment 
(Thanabalasuriar et al. 2019).

• In vitro model can be useful for fundamental studies on electrochemical treat-
ment of biofilm infections (electroceutical dressings) (Dusane et al. 2019).

• Polymer sensor array can identify bacterial species rapidly (interaction between 
biofilm matrix and polymer sensor elements) (Ngernpimai et al. 2019).

• Bacterial evolution and ecology are shaping by the bacteriophages. Phages 
induce biofilms. Biofilm formation is considered as the bacterial defense strategy 
(Hansen et al. 2019).

• A high intensity focused ultrasound can be used to distort the matrix of the bio-
films (Bharatula et al. 2019).

• A new technological advancement (lattice light sheet microscopy) is used to find 
out details of biofilms development and gives crucial information on it (Zhang 
et al. 2019).

• Bacterial biofilms are active matter systems, which have large-scale ordered 
structures. Biofilms have mechanical instabilities, intrinsic length scales, and 
topological defects (Yaman et al. 2019).

• Exotic mechanical state is observed by the interplay between cell verticalization 
and cell growth. Agent-based model also reproduces the dynamical feature of 
biofilms (Beroz et al. 2018).

• Distant biofilm communities couple through ion-channel mediated electrical sig-
naling mechanism. A synchronization is observed in the growth dynamics of the 
couple biofilms. Moreover, nutrient competition between biofilms is resolved by 
time-sharing behavior (Liu et al. 2017).
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